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Pancuronium

Formula: C35Hg0N204
Mol. mass: 572.861 g/mol

Vecuronium 1 mg/ml
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Vecuronium

Formula: C34H57N204"
Mol. mass: 557.827 g/mol

Pancuronium 1 mg/ml
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SYSTEMS AND METHODS FOR THE
IDENTIFICATION OF COMPOUNDS IN
MEDICAL FLUIDS USING ADMITTANCE
SPECTROSCOPY

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent application claims priority to U.S. Provisional
Patent Application Ser. No. 61/185,148 (titled “IV SENSING
ITEMS FOR PROVISIONAL PATENT APPLICATION™),
filed on Jun. 8,2009; U.S. Provisional Patent Application Ser.
No. 61/230,057 (titled “MEASUREMENT AND IDENTIFI-
CATION OF 1V FLUIDS”), filed on Jul. 30, 2009; U.S.
provisional Patent Application Ser. No. 61/240,835 (titled
“APPLICATION OF MULTIPLE SENSORS TO MEA-
SUREMENT AND IDENTIFICATION OF DRUGS”), filed
on Sep. 9, 2009; U.S. Provisional Patent Application Ser. No.
61/262,155 (titled, “SYSTEMS AND METHODS FOR THE
IDENTIFICATION OF COMPONENTS IN MEDICAL
FLUIDS THROUGH THE APPLICATION OF MULTIPLE
ELECTRODE ADMITTANCE SPECTROSCOPY™), filed
on Nov. 18, 2009; and U.S. Provisional Patent Application
Ser. No. 61/302,174 (titled “SYSTEMS AND METHODS
FOR MEASUREMENT AND IDENTIFICATION OF
DRUG SOLUTIONS”), filed on Feb. 8, 2010.

This application may also be related to PCT Application
Serial No. PCT/US2009/001494 (titled “INTRAVENOUS
FLUID MONITORING”), filed on Mar. 9, 2009.

All of these patent applications are herein incorporated by
reference in their entirety.

INCORPORATION BY REFERENCE

All publications and patent applications mentioned in this
specification are herein incorporated by reference in their
entirety to the same extent as if each individual publication or
patent application was specifically and individually indicated
to be incorporated by reference.

FIELD OF THE INVENTION

The devices, systems and methods described may be used
to determine the identity and concentration of one or more, or
in some variations all, components in an aqueous solution
using admittance spectroscopy. In particular, described
herein are devices, systems and methods for using admittance
spectroscopy to determine the identity and concentration of
components of an intravenous drug solution.

BACKGROUND OF THE INVENTION

Errors in medication provided to a patient are recognized as
a serious, and potentially avoidable, problem associated with
the delivery of health care.

Medication errors are estimated to account for 7,000 deaths
annually, and adverse drug events cause more than 770,000
injuries and deaths each year. Patients who suffer from unin-
tended drug events remain in the hospital an average of8to 12
days longer than patients who did not experience such mis-
takes. Two recent studies, one conducted in Colorado and
Utah and the other in New York, found that adverse events
occurred in 2.9 and 3.7 percent of hospitalizations, respec-
tively.

Infusion devices are believed to account for up to 35% of
all medication errors that result in significant harm (Class 4
and 5). Mistakes typically arise from manually programming
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incorrect infusion parameters, and the failure to ensure the
right patient receives the right medication. The most common
error is manually programming infusion parameters such as
delivery rate, drug, and drug dose, into the device.

Unfortunately, there is currently no commercially avail-
able device capable of reliably determining both the identity
and concentration (and thus dosage) of a wide variety of
unknown intravenous fluids as they are being delivered to a
patient.

Although systems for verifying the presence of a drug or its
concentration have been proposed, the majority of these sys-
tems rely solely on optical methods (such as optical spectros-
copy). Forexample, U.S. Pat. No. 6,847,899 to Allgeyer et al.
describes a spectroscopic analysis device for identifying
medications in an IV solution. Similar systems are described
in U.S. Pat. No. 7,154,102 to Poteet et al. (florescence spec-
troscopy), PCT/US2007/087062 and PCT/US2006/036612
by Potuluri et al. (verification of solid drug identity by optical
spectroscopy) and U.S. Pat. No. 7,317,525 to Rzasa et al.

Because these systems rely on spectroscopic analysis, they
typically suffer from the limitations inherent in optical sys-
tems. These limitations may include a limited ability to dis-
tinguish between compounds, and particularly mixtures of
compounds having multiple components, as well as difficulty
in reliably distinguishing concentrations of different com-
pounds.

Described herein are admittance spectroscopy devices and
methods that use multiple electrical admittance measure-
ments to determine both the identity and concentration of one
or more components of a medical solution such as an intra-
venous solution. The inventors believe that this is the first
successful application of admittance spectroscopy to deter-
mine the identity and concentration of a medical fluid.
Although admittance spectroscopy has been previously
described in other contexts, primarily for scientific research
onmaterial characterization and particularly solid-state mate-
rials, including the characterization of dielectrics, semicon-
ductors, electrolytes and their interfaces with metals and each
other. Sensors based on admittance spectroscopy include
chromatography detectors and pH sensors, enzyme-based
sensors, blood-glucose sensors and urease-based sensors.
However, none of these sensors are capable of determining
the identity and concentration of unknown components in an
aqueous solution.

The devices, systems and methods described herein may
address some or all of the problems described above, and may
provide systems, devices and methods for the accurate and
reliable determination of one or more compounds in a solu-
tion.

SUMMARY OF THE INVENTION

Described herein are systems, devices and methods for
determining the components of a fluid (or solution) using
admittance spectroscopy. In particular, the devices, systems
and methods described herein may be useful for determining
the identity, concentration, or identity and concentration of
one or more (or all) components of a fluid. The solution may
be an aqueous solution (an aqueous fluid). For example, the
solution may be a medical fluid such as an intravenous fluid,
and epidural fluid, a parenteral fluid, or the like. Thus, the
components of the fluid may be drugs. In general, the com-
ponents of the fluid may be any compound, including (but not
limited to): ions, molecules, macromolecules, proteins, etc.

Because of the nature of the admittance spectroscopy sys-
tems, devices and methods described herein, the identity and
concentration of all of the components may be determined
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from the same admittance spectrographic “fingerprint.” The
admittance fingerprint typically includes a plurality of com-
plex impedance measurements taken from a plurality of dif-
ferent electrodes exposed to the fluid, in which the surface
interaction between the fluid and the various electrodes is
different. The surface interaction of different electrodes (or
pairs of electrodes) will be different, for example, if the sur-
faces are made of different materials, or have different geom-
etries (including sizes). Surfaces may be coated, doped, or
treated to create different surface interactions.

For example, described herein are methods of determining
the identity and concentration of a compound or mixture of
compounds in an solution that include the steps of: contacting
a first surface with the solution so that a boundary layer of
solution is formed on the first surface; polling the first surface
to determine the surface interaction between the first surface
and the compound or mixture of compounds in the solution at
the boundary layer; and determining the identity and concen-
tration of the one or more compounds based on the surface
interaction.

The method may also include the step of determining the
identity and concentration of the one or more compounds
based on the surface interaction and the bulk properties of the
solution.

In some variations, the method includes the step of con-
tacting a second surface with the solution. The surfaces (e.g.,
electrode surfaces) may be immersed in the solution. For
example, the step of contacting the first surface with the
solution may comprise contacting the first surface in an aque-
ous solution. The step of contacting the first surface with the
solution may comprise contacting the first surface with an
intravenous drug solution, or a parenteral solution (including
aparenteral drug solution, or a total parental formula, etc.), or
any other medical solution.

The surface may be an electrode. For example, the first
surface may comprises a non-reactive surface of an electrode.
The surface may be coated, treated, roughened, or the like.
Surfaces may include bound active (e.g., binding) agents
(such as antibodies, charged elements, etc.).

The step of polling may include applying energy to deter-
mine the surface interactions. Admittance spectroscopy
applied at appropriate energy (e.g., typically low energy) may
be used to poll or test the surface interactions between the
fluid and an electrode surface without disturbing the equilib-
rium surface interactions. The surface interactions between a
particular electrode surface and a particular solution at equi-
librium are characteristic of the particular electrode surface
and the nature of the solution (e.g., the components in the
solution and the carrier solution). If the electrode surface is a
known, the (unknown) nature of the solution may be deter-
mined. For example, polling may comprise applying an elec-
trical signal to the first surface and measuring the complex
admittance. Thus, the step of polling may comprise applying
a plurality of electrical signals and measuring the complex
admittance at each signal. In particular, the polling step may
be performed in a manner that preserves the surface interac-
tion between the solution and the electrode surface. For
example, the step of polling may comprise applying an elec-
trical signal below the threshold for electrochemical reaction.
The polling step may also be performed so that it does not
disturb the dynamic equilibrium of the boundary layer on the
first surface. For example, the energy applied to poll the
surface interaction may be below the threshold for disrupting
the surface interaction (e.g., within what is referred to as the
electrode polarization effect). In some variations this is
between a threshold of approximately 0.5V and 1 V.
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In the determining step, it may be useful to compare the
results of the polling of surface with known surface interac-
tions in order to identify the components of the solution.
Thus, it may be useful to poll multiple different surfaces (e.g.,
electrode surfaces) or to include additional characteristic
data, in addition to the surface interaction information deter-
mined by polling. For example, the step of determining may
comprise comparing an indicator of surface interactions with
a library of stored surface interactions to determine concen-
tration and identity of the one or more compounds in the
solution. The step of determining may comprises comparing
an indicator of surface interactions with a library of stored
surface interactions to determine concentration and identity
of'all of the compounds in the solution. In some variations, the
step of determining comprises simultaneously determining
the identity and concentration of the one or more compounds
in the solution. Any of the methods described herein may also
be used to determine both the identity and concentration. In
some variations, the identity and concentration may be deter-
mined substantially simultaneously in the determining step.

Also described herein are methods of determining the iden-
tity, concentration, or identity and concentration of one or
more compounds in an aqueous solution, the method com-
prising the steps of: placing a pair of electrodes in contact
with the aqueous solution so that a boundary layer of aqueous
solution is formed on a first surface of one of the electrodes;
applying electrical excitation between the pair of electrodes
to determine a complex admittance at the first surface,
wherein the applied electrical excitation results in a voltage
that is below the threshold level for electrochemical reactions
at the first surface; and determining the identity, concentra-
tion, or identity and concentration of one or more compounds
in the aqueous solution based on the complex admittance
measured between the electrodes.

In some variations of the methods described herein, the
method also includes the steps of recording the complex
admittance at a plurality of current frequencies. A already
mentioned, the pair of electrodes comprises conductive sur-
faces made of different materials. The method may also
include the step of placing a third electrode in contact with the
aqueous solution so that a boundary layer of aqueous solution
is formed on a first surface of the third electrode, wherein the
first surface of the third electrode is formed of a material that
is different from the material forming conductive surfaces on
electrodes of the pair of electrodes.

The step of applying an electrical excitation may comprise
applying current at a plurality of frequencies. In some varia-
tions, the step of applying an electrical excitation comprises
applying electrical energy at a level that is below the thermal
fluctuation energy in the fluid. In general, the step of applying
electrical excitation may comprise applying excitation a level
that does not disturb the equilibrium of the boundary layer on
the first surface.

Further, the step of determining may include comparing
the complex admittance with a library of complex admittance
to determine identity, concentration, or identity and concen-
tration of the one or more compounds in the aqueous solution.
The step of determining may include comparing the complex
admittance at different frequencies with a library of complex
admittances to determine identity, concentration, or identity
and concentration of the one or more compounds in the aque-
ous solution. The step of determining may comprise compar-
ing the complex admittance at different frequencies with a
library of complex admittances to identity and concentration
of the all of the compounds in the aqueous solution.

Also described herein are systems for determining the
identity of a drug solution by admittance spectroscopy, the
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system comprising: a sensor comprising a plurality of elec-
trodes having fluid-contacting surfaces; a signal generator
configured to provide electrical stimulation at a plurality of
frequencies for application from the fluid-contacting surfaces
of the sensor; a processor configured to receive complex
admittance data from the sensor at the plurality of frequencies
and to determine the identity, concentration, or the identity
and concentration of one or more compounds in the drug
solution by comparing the complex admittance data to a
library of predetermined complex admittance data.

In some variations, the fluid-contacting surfaces of the
electrodes of the sensor are formed of a plurality of different
materials, as mentioned above. The fluid-contacting surfaces
of'the electrodes of the sensor may be formed of a plurality of
different geometries. In some variations, the sensor com-
prises at least three different fluid-contacting surfaces formed
of different materials, different size or different materials and
geometries.

The sensor may be configured as disposable (e.g., single-
use) or it may be reusable (e.g., washable). A plurality of
sensors may be arranged as a strip, sheet, cartridge, etc., and
the system or device may be configured to engage with one or
more sensors either sequentially or in parallel (e.g., allowing
parallel sampling of different solutions).

The fluid-contacting surfaces of the sensor may be cali-
brated to a predetermined standard that matches the predeter-
mined complex admittance data. For example, the sensors
may include electrodes each having a fluid-contacting surface
that is calibrated to be within some predetermined tolerances
of geometry and materials forming the surface. The toler-
ances may be based on a standard (corresponding to the
standard electrode used to determine the library information).
In some variations the system may verify that the electrode
surfaces are within the tolerances. For example, the system
may perform an initial check using a standard solution.

In some variations, the sensor comprises at least six inde-
pendent pairs of fluid-contacting surfaces.

The system may include a signal receiver configured to
receive complex admittance data from the sensor and pass it
on the processor. In some variations, the system includes a
measurement cell configured to receive the drug solution so
that the fluid-contacting surfaces of the sensor contact the
drug solution. The sensor may form a part (e.g., bottom, sides,
etc.) of the measurement cell.

The signal generator may be configured to apply a current
frequency from about 1 Hz to about 1 MHz.

In some variations, the system includes a display config-
ured to display the identity and concentration of the’one or
more compounds within the solution. The processor may be
further configured to determine the identity of the carrier
diluent of the drug solution. The carrier diluents may also be
displayed.

The system may also include a controller configured to
coordinate application of the signal from the signal generator
and to acquisition of complex admittance data from the sen-
sor.

In general, the processor may include recognition logic
configured to determine the likeliest match between the com-
plex admittance data received from the sensor and the library
of predetermined complex admittance data. The recognition
logic may include an adaptive neural network trained on the
library of predetermined complex admittance data. The
library of predetermined complex admittance data may com-
prise complex admittance data measured for a plurality of
individual compounds and mixtures of compounds in a car-
rier diluent at a plurality of frequencies.
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Any of'the sensors described herein may also comprises an
additional sensor (or sensors), or sensor element, that is not a
complex admittance electrode, and the processor may be
configured to use data from the second sensor element in
addition to the complex admittance data to determine both the
identity and the concentration one or more compounds in the
drug solution. For example, the second sensor element may
be an optical sensor. In some variations, the system also
includes a flow sensor, or may be configured to receive infor-
mation from a flow sensor.

The processor may be configured to receive complex
admittance data from the sensor at the plurality of frequencies
and to simultaneously determine the identity and concentra-
tion of one or more compounds in the drug solution by com-
paring the complex admittance data to a library of predeter-
mined complex admittance data.

Also described herein are systems for determining the
identity, concentration or identity and concentration of an
intravenous drug solution by admittance spectroscopy that
include: a sensor comprising a plurality of electrodes having
fluid-contacting surfaces; a signal generator configured to
provide current at a plurality of frequencies for application
from one or more fluid-contacting surfaces of the sensor; a
signal receiver configured to receive complex admittance data
from one or more fluid-contacting surfaces of the sensor; a
controller configured to coordinate the application of signals
from the signal generator and the acquisition of complex
admittance data from the sensor to create an admittance spec-
trographic fingerprint of the intravenous drug solution; and a
processor configured to receive the admittance spectro-
graphic fingerprint and to determine the identity, concentra-
tion or identity and concentration of the intravenous drug
solution by comparing the admittance spectrographic finger-
print to a library of admittance spectrographic data compris-
ing complex admittance data measured from a plurality of
known compounds and mixtures of compounds in a carrier
solution at a plurality of frequencies and known concentra-
tions.

Also described herein are benchtop drug solution analyzers
for determining the identity, concentration or identity and
concentration of a drug solution by admittance spectroscopy,
the analyzer comprising: a measurement cell comprising a
plurality of electrodes having fluid-contacting surfaces, the
measurement cell configured to receive a sample of the drug
solution; a signal generator configured to provide electrical
excitation at a plurality of frequencies for application from
one or more pairs of electrodes of the measurement cell; a
signal receiver configured to receive complex admittance data
from one or more pairs of electrodes of the measurement cell;
a controller configured to coordinate the application of sig-
nals from the signal generator, and the acquisition of complex
admittance data from the signal receiver, to create an admit-
tance spectrographic fingerprint of the drug solution; and a
processor configured to receive the admittance spectro-
graphic fingerprint and to determine the identity, concentra-
tion or identity and concentration of one or more compounds
in the drug solution by comparing the admittance spectro-
graphic fingerprint to a library of admittance spectrographic
data comprising complex admittance data measured from a
plurality of known compounds and mixtures of compounds in
a carrier solution at a plurality of frequencies and known
concentrations.

In some variations the analyzer includes a housing at least
partially enclosing the signal generator, single receiver and
controller. The analyzer may include a plurality of single-use
measurement cells. The measurement cell may comprise at
least three different fluid-contacting surfaces formed of dif-
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ferent materials, different geometries or different materials
and geometries. The fluid-contacting surfaces of the measure-
ment cell may be calibrated to a predetermined standard that
matches complex admittance data of the library of admittance
spectrographic data.

As mentioned above, the signal generator may be config-
ured to apply a current frequency from about 1 Hz to about 1
MHz.

The analyzer may include a display configured to display
the identity and concentration of the one or more compounds
within the drug solution.

The processor be any of the processors described above.
For example, the processor may be further configured to
determine the identity of the carrier solution of the drug
solution, and the library of predetermined complex admit-
tance data used by the processor may include complex admit-
tance data measured for a plurality of individual compounds
and mixtures of compounds in a carrier solution at a plurality
of frequencies.

The measurement cell may further comprise a second sen-
sor element, and the processor may be configured to use data
from the second sensor element in addition to the admittance
spectrographic fingerprint to determine both the identity and
the concentration of one or more compounds in the drug
solution. The second sensor element may comprise an optical
Sensor.

In some variations, the processor is configured to receive
the admittance spectrographic fingerprint and to simulta-
neously determine the identity and concentration of one or
more compounds in the drug solution.

Also described herein are systems for controlling the deliv-
ery of an intravenous fluid by determining the identity, con-
centration or identity and concentration of one or more com-
ponents of the intravenous fluid using admittance
spectroscopy. The system may include: a sensor having a
plurality of complex admittance electrodes configured to con-
tact an intravenous fluid; a signal generator configured to
provide electrical excitation at a plurality of frequencies for
application across the plurality of complex admittance elec-
trodes; a processor configured to receive complex admittance
data from the sensor at the plurality of frequencies and to
determine the identity, concentration or the identity and the
concentration of one or more compounds in the intravenous
fluid by comparing the complex admittance data to a library
of predetermined complex admittance data; and a control
output configured to regulate the operation of an intravenous
drug delivery device based on the determined identity, con-
centration or concentration and identity of one or more com-
pounds in the intravenous fluid.

The intravenous drug delivery device may be any appro-
priate drug delivery system. For example, the intravenous
drug delivery device may be a pump. The pump may be a
“smart pump” that includes electronic control of pump rate,
and the like. The control output may be configured to modu-
late, adjust, turn off or suspend delivery of the intravenous
drug delivery device.

The processor may be configured to receive flow informa-
tion from a flow sensor in communication with the intrave-
nous fluid and to determine a delivered dose of the one or
more compounds in the intravenous fluid. In some variations,
the sensor further comprises a flow sensor.

The processor may be configured to simultaneously deter-
mine the identity and the concentration of one or more com-
pounds in the intravenous fluid.

Also described herein are methods of determining the iden-
tity and concentrations of one or more compounds in a solu-
tion by admittance spectroscopy, the method comprising:
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applying electrical excitation at a plurality of frequencies
between at least one pair of fluid-contacting surfaces in con-
tact with the solution; determining the complex admittance
between at least one pair of fluid-contacting surfaces at the
plurality of frequencies; creating an admittance spectro-
graphic fingerprint of the solution comprising the complex
admittance from the at least one pair of fluid-contacting sur-
faces at the plurality of frequencies; and determining both the
identity and the concentration one or more compounds in the
solution by comparing the admittance spectrographic finger-
print to a library of admittance spectrographic data compris-
ing complex admittance data measured from a plurality of
known compounds and mixtures of compounds in a carrier
solution at a plurality of frequencies and known concentra-
tions.

As mentioned, the solution may be an intravenous drug
solution, a parenteral solution, a parenteral drug solution, or
the like. The method may also include determining the iden-
tity and concentration of all of the components of the solution.

Also described herein are methods of determining the iden-
tity and concentrations of one or more compounds in a solu-
tion by admittance spectroscopy, the method comprising:
applying electrical excitation at a plurality of frequencies
between two or more pairs of fluid-contacting surfaces in
contact with the solution, wherein at least one of the fluid
contacting surfaces is formed of a different material, different
size, or different material and size than the other fluid con-
tacting surfaces; determining the complex admittance from
the two or more pairs of fluid-contacting surfaces at the plu-
rality of frequencies; creating an admittance spectrographic
fingerprint of the solution comprising the complex admit-
tance from the two or more pairs of fluid-contacting surfaces
at the plurality of frequencies; and determining both the iden-
tity and the concentration one or more compounds in the
solution by comparing the admittance spectrographic finger-
print to a library of admittance spectrographic data compris-
ing complex admittance data measured from a plurality of
known compounds and mixtures of compounds in a carrier
solution at a plurality of frequencies and known concentra-
tions.

Also described herein are methods of simultaneously veri-
fying both the composition and concentration of an intrave-
nous drug solution, the method comprising: preparing the
intravenous drug solution; testing a sample of the intravenous
drug solution and independently and simultaneously deter-
mining both the identity and concentration of one or more
components of the intravenous drug solution.

The step of testing may include determining an admittance
spectrographic fingerprint comprising a plurality of complex
admittances taken at different frequencies. In some varia-
tions, the step of testing comprises determining an admittance
spectrographic fingerprint comprising a plurality of complex
admittances taken at different frequencies and comparing the
admittance spectrographic fingerprint to a library of admit-
tance spectrographic data comprising complex admittance
data measured from a plurality of known compounds and
mixtures of compounds in a carrier solution at a plurality of
frequencies and known concentrations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of an admittance spectrographic
system for determining the composition of a fluid.

FIG. 2 illustrates the formation of an electrical double layer
on fluid-contacting surface of an electrode, illustrating the
dynamic equilibrium of the solution components on the sur-
face.
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FIG. 3 is the equivalent circuit for the electrode-solution
interface shown in FIG. 2.

FIG. 4 is a graph showing the electrode polarization effect
(adapted from Walton C, Gergely S, Economides A P. Plati-
num pacemaker electrodes: origins and effects of the elec-
trode-tissue interface impedance. Pacing Clin. Flectro-
physiol. 1987; 10:87-99).

FIG. 5 schematically illustrates one variation of an admit-
tance spectrographic system for determining the composition
of a fluid.

FIG. 6 schematically illustrates another variation of an
admittance spectrographic system for determining the com-
position of a fluid.

FIG. 7A is a schematic of a modified Scitec Instruments
model 441 board level lock-in amplifier.

FIG. 7B shows a block diagram for a Scitec #441 Lock-in
amplifer.

FIG. 8 schematically illustrates another variatoin of an
admittance spectrographic system for determining the com-
position of a fluid.

FIG. 9 shows a prototype benchtop admittance spectro-
graphic device for determining the composition of a fluid.

FIG. 10 illustrates one variation of an in-line admittance
spectrographic device for determining the composition of a
fluid that is configured to be attached in-line with an IV fluid
source.

FIG. 11 shows another variation of an in-line admittance
spectrographic device for determining the composition of a
fluid that is attached in-line with an IV fluid source.

FIG. 12 shows a processor and display for use with an
admittance spectrographic device for determining the com-
position of an IV fluid.

FIG. 13A is one variation of a sensor having six complex
admittance electrodes arranged thereon.

FIG. 13B is another variation of a sensor including six
complex admittance electrodes (similar to those shown in
FIG. 13A), and a flow sensor (thermal anemometer flow
sensor) and an optical waveguide. FIG. 13C is a miniaturized
version of the sensor of FIG. 13B.

FIG. 13D shows another view of the sensors of FIGS. 13B
and 13C.

FIG. 14 is a panel of sensors similar to those shown in FIG.
13B that may be manufactured using metal deposition and
lithography.

FIGS. 15A and 15B illustrate one variation of a flow cham-
ber including an array of complex admittance electrodes and
optical sensors that may be used to determine the composition
of an IV fluid.

FIG. 16 illustrates one variation of a thermal anemometer
flow sensor.

FIGS. 17A and 17B illustrate schematics of two variations
of'a data structure representing an admittance spectrographic
footprint.

FIGS. 18A and 18B are tables listing various medically
relevant drugs at different concentrations.

FIGS. 19A-19T show a graphical representation of the
complex admittance fingerprints for some of the compounds
listed in FIG. 18. The fingerprint is graphically shown as
admittance spectroscopy data for each of six unique electrode
pair combinations at 10 different frequencies for each of the
six electrode pairs.

FIGS. 20A and 20B show side-by-side comparison of the
admittance spectrographic fingerprints for similar drugs Pan-
curonium and Vecuronium.

FIGS. 21A and 21B show side-by-side comparisons of the
admittance spectrographic fingerprints for similar drugs Epi-
nephrine and Norepinephrine.
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FIGS. 22A and 22B show side-by-side comparisons of the
admittance spectrographic fingerprints for Morphine and
Hydromorphone.

FIGS. 23A-23H illustrate admittance spectrographic fin-
gerprints for increasing concentrations of Insulin (increasing
from 0.01 units/ml to 30 units/ml).

FIGS. 24A-24H show admittance spectrographic finger-
prints for increasing concentrations of potassium chloride
(from 0.001 to 0.8 Milliequivalent per mL).

FIG. 25A shows the admittance spectrographic fingerprint
for 2 mg/ml Dopamine; FIG. 25B shows the admittance spec-
trographic fingerprint for 0.008 mg/ml Norepinephrine; and
FIG. 25C shows the admittance spectrographic fingerprint for
a solution of both 2 mg/ml Dopamine and 0.008 mg/ml Nore-
pinephrine.

FIG. 26 A shows the admittance spectrographic fingerprint
for 0.5 mg/ml of Midazolam; FIG. 26B shows the admittance
spectrographic fingerprint for 100 units/ml of Heparin; and
FIG. 26C shows the admittance spectrographic fingerprint for
a solution of both 0.5 mg/ml of Midazolam and 100 units/ml
of Heparin.

FIGS. 27A and 27B show multiple measures of the in-
phase and quadrature components of the complex admittance,
respectively, for 2 mg/ml of Dopamine at 10kHz, measured at
each of four unique electrode combinations.

FIGS. 28A and 28B show multiple measures of the in-
phase and quadrature components of the complex admittance,
respectively, for 2 mg/ml of Dopamine at S0kHz, measured at
each of four unique electrode combinations.

FIGS. 29A and 29B show multiple measures of the in-
phase and quadrature components of the complex admittance,
respectively, for 2 mg/ml of Dopamine at 100 kHz, measured
at each of four unique electrode combinations.

FIG. 30A shows a graphical representation of the admit-
tance fingerprint for 0.1% Bupivacaine and FIG. 30B shows a
representation of the admittance fingerprint of Fentanyl Cit-
rate (2 meg/ml). FIG. 30C shows the unique fingerprint of the
combination of a mixture of Bupivacaine (0.1%) and Fenta-
nyl Citrate (2 mcb/ml).

FIG. 31A is a graphical illustration of the admittance fin-
gerprint of a “fresh” (freshly prepared, non-expired) mixture
of Bupivacaine and Fentanyl Citrate in saline. FIG. 31B
shows the admittance fingerprint of an expired version of the
same mixture.

FIG. 32 illustrates one example of the different vectors
distinguishable from different components (e.g., MgSO, and
KCl) in solution.

DETAILED DESCRIPTION OF THE INVENTION

Described herein are devices, systems, and methods for
determining the composition of fluids. The composition typi-
cally includes both identity and concentration, and may
include the determination of all of the components of the
fluid. Many of the devices, systems and methods described
herein may allow for essentially simultaneous determination
of the concentration and/or identity of all of the components
in the fluid. In particular, the systems, methods and devices
described herein are admittance spectrographic systems,
methods and devices which determine the complex electrical
admittance of the fluid under multiple surface conditions
(either sequentially or in parallel) and/or at multiple applied
frequencies in order to determine characteristic properties
that may be used to determine identity and concentration. In
some variations, additional measurement or sensing modali-
ties may be used in addition to admittance spectroscopy,
including optical, thermal, chemical, etc.
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A fluid admittance measurement typically involves the
measurement of the real and imaginary components a of the
alternating current (ac) response of a fluid to applied electri-
cal current at a particular frequency, set of frequencies or
within a range of frequencies. These components are also
sometimes referred to as the in-phase and quadrature or the
resistive and reactive components of an ac response. This
technique is herein demonstrated for the identification of
fluids, components in fluids, and particularly to the identifi-
cation of medical fluids, particularly fluid medications, as
well as determination of their concentration and dosage.

FIG. 1 shows a generic description of a system or device for
determining the composition of an aqueous solution. In gen-
eral, the system or device may include a plurality of elec-
trodes (105, 105", . . ., 105"), each having a fluid-contacting
region (103,103, . ..,103"). At least some of the electrodes
may have different fluid-contacting surfaces. As described in
greater detail below, the complex admittance determined
across individual pairs of electrodes may depend upon the
interaction of the aqueous solution and the components
within the solution at the surface of the electrode (the fluid-
contacting surface). Thus, the surface properties (including
the size and materials forming the surface) may be controlled
and matched to known or standardized fluid-contacting
regions of the electrodes. Typically each electrode pair may
have at least one fluid-contacting surface that is different from
fluid-contacting surfaces in other pairs, in variations of the
systems in which multiple electrode pairs are used. The elec-
trodes may be formed as part of a probe 107, test cell or test
chamber, tubing, or may be integrated into another device,
such as a pump (e.g., IV pump), or the like.

The system or device may also include a signal generator
121 for applying an electrical signal across one or more pairs
of the electrodes, and a signal receiver 131 for receiving an
electrical signal representing the complex admittance. The
signal receiver may include processing (amplification, filter-
ing, or the like). The system may include a controller 119 for
coordinating the application of the electrical signal to the one
or more pairs of electrodes, and for receiving the complex
admittance data. For example, a controller may include a
trigger, clock or other timing mechanisms for coordinating
the application of energy to the electrodes and receiving com-
plex admittance data. The system or device, including a con-
troller 119, may also include a memory for recording/storing
the complex admittance data. The system or device also typi-
cally includes a processor 131 for analyzing the complex
admittance data to determine the identity and concentration
of'the components of the aqueous solution based on the com-
plex admittance data. Details and examples of the processor
are described in greater detail below. In general, the processor
may include logic (executable as hardware, software, firm-
ware, or the like) that compares all or a subset of the received
admittance data (forming an “admittance spectrographic fin-
gerprint”) to a database (e.g., library) of spectrographic data
corresponding to known fluid compositions, at known com-
ponents and concentrations. The processor may interpolate
recognition logic configured to determine the likeliest match
between the admittance spectrographic fingerprint and this
known admittance spectrographic data. The processor may
also use other information in conjunction with or in addition
to the admittance data. For example, the system may include
one or more sensors for determining other properties of the
fluid, including characteristic properties that may help iden-
tify one or more components of the fluid (e.g., optical infor-
mation). The processor may use this additional data to help
identify the composition of the fluid. In other variations, the
processor may receive information from sensors that deter-
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mine fluid properties that may also be used to help character-
ize the administration of the fluid, or the operation of other
devices associated with the fluid. For example, a flow sensor
may be included as part of the system; the processor may also
be configured to determine or receive flow information, and
may calculate the total or instantaneous dosage of one or more
components of the fluid.

Finally, a general device or system may include an output
141 for reporting, recording and/or acting on the identified
composition of the aqueous solution. The output may be
visual, audible, printed, digital, or any other appropriate out-
put. In some variations described herein, the system or device
may regulate or modify activity of one or more devices asso-
ciated with the fluid or with a patient receiving fluid. For
example, a system may turn off or limit delivery of a sub-
stance by controlling operation of a fluid pump based on the
analysis of the composition of the fluid.

A system or device for determining the composition of an
aqueous solution as described herein may be particularly
useful for medical applications, though not strictly limited to
medical applications. Thus, in many of the examples and
variations described herein the devices and systems are for
analyzing, monitoring or testing medical fluids such as solu-
tions of drugs or therapeutic materials, including IV fluids,
parenteral fluids, and the like. Both in-line (e.g., in-line IV
fluid monitoring) and benchtop systems are described. Inte-
grated systems, in which the devices/systems for determining
composition of the aqueous solutions are connected or inte-
gral to other devices or systems, including tubing, pumps,
syringes, and the like, are also contemplated and described.

In many of the admittance spectroscopy systems and
devices described herein, multiple polarizable electrodes
consisting of electrode pairs of identical and different mate-
rials are utilized. As mentioned, in some variations, multiple
electrode admittance spectroscopy is used and either applied
alone or in conjunction with other identification/characteriza-
tion sensors and methods, including optical sensors.
Examples of electrodes either alone or with additional sen-
sors in variations configurations of probes and measurement
cells including electrodes (and particularly electrodes having
fluid-contacting regions) are described in greater detail
below.

Examples of various systems are also described. Although
many of these systems may include just admittance spectros-
copy, the examples described herein often include additional
sensors. For example, a system incorporating automated
computer control for measurement of fluid admittance over a
range of frequencies and using a set of multiple different
electrodes has been developed. This system includes a sensor
element consisting of a set of electrodes coupled to a mea-
surement system and computer for data acquisition and sys-
tem control. It also includes 4 optical sources and detectors at
specific wavelengths. It is to be understood that these systems
do not require the use of the additional (e.g., optical) sensing
modality, and may be constructed and used with just the
admittance spectroscopy features.

Admittance Spectroscopy

PCT patent application PCT/US2009/001494 incorpo-
rated by reference above describes the application of multiple
parameters (including multiple sensors) that each provide
different characteristics which may be combined to create a
multiparametric fingerprint of a solution such as an intrave-
nous solution. This multiparametric technique (and embodi-
ments thereof) may be used in a hospital setting to verify the
identity and dosage of one or more IV fluids to be applied to
a patient. Described herein are systems and devices that may
also be considered multiparametric, in which the “finger-
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print” that is taken from the solution in order to determine the
composition of the solution includes admittance spectros-
copy information taken from the solution.

Thus, in the context of the present disclosure, a multipara-
metric fingerprint of a solution will include a plurality of
admittance spectrographic data. The “fingerprint” may there-
fore be referred to as an admittance spectrographic finger-
print, although additional identifying information may be
included, as described in greater detail below (such as optical,
thermal, etc.). the fingerprint may be collected or compiled as
a matrix or array of values, and it may be plotted, graphed,
mapped, or the like. In some variations, the fingerprint may
include time-varying data, and may be indexed by a temporal
and/or spatial element (e.g., at points taken over time, or taken
after some triggering event). The parameter values forming
the multiparametric fingerprint may be indexed by the sensor
(e.g., electrodes) that acquired them. The fingerprint may
include at least two dimensions (such as real and complex
impedance) and may include many more than two dimensions
(e.g., real and complex impedance at a plurality of frequen-
cies, or real and complex impedances for multiple electrode
pairs having different surface interactions with the fluid at
different frequencies). The parameter values within the fin-
gerprint (e.g., the complex impedance values) may be aver-
ages, medians, or means. In some variations the values form-
ing the fingerprint may be filtered. In some variations the
values forming the fingerprints are normalized. In some varia-
tions, the information forming the fingerprint is derived from
combined (e.g., subtracted, added, scaled, etc.) data.

The admittance spectrographic fingerprint described
herein may be compared, as described herein, in order to
determine the composition of the fluid, which may include
simultaneously determining the identity and concentration of
all components in the solution, including the identity of the
carrier solution. Thus, in some variations, the acquired (un-
known) fingerprint may be compared against known finger-
prints that may be included in a library of fingerprints pro-
vided for known solution compositions.

The admittance spectroscopy systems described identifies
components of a solution, and particularly drugs in a carrier
solution, based on the application of multiple, different sens-
ing elements or sensors. As will be described in greater detail
below, the sensors used may be electrodes each having at least
one fluid-contacting surface.

The electrodes used to measure complex admittance
described herein are typically made of metals that are non-
reactive with the components of the fluids that they contact,
and generally, ions of the utilized metals are not present in the
intravenous fluids. This will allow the determination of the
characteristic steady-state complex impedance. However, it
has long been known that such electrodes, when exposed to an
aqueous solution such as an IV drug solution, exhibit so-
called “blocking” behavior: a DC voltage applied to such
metal electrode results in zero net charge transfer through
metal-electrolyte interface unless the voltage exceeds certain
level. This effect is called electrode polarization and has been
studied since 1879 (see, e.g., Helmholtz H. Studien iiber
electrische Grenzschichten. Annalen der Physik and Chemie.
1879; 243(7):337-382, or the translated version: “Studies of
electric boundary layers”. translated by P. E. Bocque, Bull.
Dep. Engineering Research Univ. Mich. 33, 5-47 (1951)).

Electrode polarization is particularly well-researched and
documented in the field of implantable electrodes for pace-
makers, where the presence of this effect impedes efficient
cardiac activity sensing and stimulation. For example, when a
platinum pacemaker electrode is immersed in a bath of physi-
ological saline and a DC voltage is applied to it within a range
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of potentials, virtually no current flows through the electro-
lyte unless the voltage exceeds values of approximately +1 V.
Below this voltage the electrodes demonstrate capacitive
behavior. This effect is illustrated in FIG. 4. To achieve suc-
cessful pacing with the limited available electrode area, pace-
makers typically rely on chemical reactions at the electrode
interface to pass sufficient charge to the tissue, and overcome
this electrode polarization effect. See, e.g., Walton C, Gergely
S, Economides A P. Platinum pacemaker electrodes: origins
and effects of the electrode-tissue interface impedance. Pac-
ing Clin. Electrophysiol. 1987; 10:87-99).

The complex admittance measured from a particular fluid-
contacting surface reflects the interaction of the solution and
any compounds in the solution (including ions, drugs, and the
like) and the surface of the fluid-contacting surface. The
interaction between the fluid-contacting surface and the fluid
(at the interface) may be established shortly (if not virtually
immediately) upon contacting the fluid to the surface. The
surface may be probed (by the application of electrical
energy) to determine the complex impedance, and the com-
plex impedance is characteristic of the interaction between
the fluid and the fluid-contacting surface of the electrode.
Thus, the complex impedance determined at a particular sur-
face reflects the nature of the interaction between the fluid-
contacting surface and the solution, and may therefore
depend on the material forming the fluid-contacting surface
and the geometry of the fluid contacting surface (e.g., the
surface area). Different surfaces may produce different com-
plex impedances in the same solution, because the interac-
tions with the fluid may differ between different fluid-con-
tacting surfaces (including the sizes, and the materials
forming the fluid-contacting surfaces). As used herein the
term fluid-contacting surface typically refers to the conduc-
tive (non-insulated) region of an electrode that contacts the
fluid. The fluid contacting surface may include a coating or
the like, and may be surrounded by an insulating region. For
example, the complex impedance of a silver-silver electrode
pair may be very different than the complex impedance of a
silver-gold electrode pair with the same geometry measured
in the same solution at the same frequency and current level.

Because the complex admittance is so variable and sensi-
tive to the composition (and geometry) of the fluid-contacting
surface of the electrodes, particularly when probed at low
power levels (e.g., current and/or voltage levels), complex
impedance has not previously been successfully used as a
method for determining the composition of an unknown
aqueous solution, and particularly not a medical solution.

Admittance spectroscopy may also be referred to as immit-
tance spectroscopy (impedance or admittance), and encom-
passes a variety of techniques for the measurement and analy-
sis of the complex impedance (Z), the complex admittance
(Y), and the complex dielectric constant (€) as a function of
frequency. These values may be plotted in the complex plane.
The complex plane is typically defined as standard orthogo-
nal xy frame of reference in which the complex impedance
(Z=7'+17"), admittance (Y=Y"+iY"), and/or dielectric con-
stant (E=='+1€") is plotted so that x=7', y=2"; x=Y", y=Y";
x=€C', y=", where ' and " are real and quadrature components
of'the complex value.

When a solution first contacts a surface such as an electrode
surface, the surface interaction between the electrode and the
fluid results in the formation of a layered boundary as illus-
trated in FIG. 2. This layered boundary may be characteristic
of the electrode surface and the solution, and may be depen-
dent upon the composition of the solution as well as the
composition and/or structure of the surface. In general, mul-
tiple “layers” are formed between the surface and the solution
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forming an interface of sorts. For example, in FIG. 2, three
different regions may be formed between the surface of the
electrode and the bulk of the fluid: the IHP (inner Helmholtz
plane) is closest to the surface, the OHP (outer Helmholtz
plane) is the next layer, followed by a diffuse layer that
gradually transitions to the bulk solution.

In many of the variations described herein, the electrodes
are fully polarizable electrodes, in which no charge transfer is
possible at low potentials (voltages), e.g., below some ®,,
which is typically at least 500 mV, and thus electro-chemical
reactions will not take place at the electrode surface. If the
excitation voltage AV does not disturb the system much more
that naturally occurring thermal fluctuations, then the
response to the applied current is linear, so that: AV~kT/e,
where k is Boltzmann’s constant, T is absolute temperature
and e is the electron charge. AV is approximately 25 mV at
room temperature.

Thus, at the surface of an electrode, the complex AC
impedance Z(w) or admittance Y(w) can be approximated as
an equivalent circuit shown in FIG. 3, and can be measured.
The relationship for impedance can be expressed as:

Z(w) = Z'(w) + iZ" (w) =
( R ] (1 wCyR}
=Rt — |-+ —
1+ (wCyR)? wC 1+ (wCyR

The equivalent circuit resulting from this model of the
metal-electrolyte interface contains 4 independent param-
eters (R, R,, C,, C,) that are affected by the presence of any
compounds in the solution, for example, drug molecules or
ions in a carrier electrolyte. The individual components of the
equivalent circuit are not directly accessible in practice, but
can be measured indirectly through measurements of the
cell’s time-dependent response to excitation current or volt-
age or through AC impedance or admittance. It may be more
straightforward to measure AC current rather than impedance
and work with admittance, although it leads to bulkier formu-
lae, for example:

(@C1E (R + Ra(1 + (WC2RD™)

Y(w) = 2 2
(WCL Ry + WC (R + R2))Y* + (wC wCLR Ry — 1)

wC (1 + WCLwC R + (WCyR))P)
z
(WCaRy + WCL (R + Ry))? + (wC wCHR Ry — 1)?

The values of the 4 independent parameters can be calcu-
lated from two measurements of impedance or admittance at
two different frequencies w, and w,. If complex impedance is
measured: Z,=7(w,)=a,+ib;, and Z,=a,+ib, the equivalent
circuit parameters are calculated as follows:

(w1 by — wrba)(] — w3)

=
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-continued

2,2 12 2,2 12 2., .2
R wilay +b7) — 2w1w2b1 by + wW5(ay + b3) — arax(wW] + w3)
=

(a1 — @)W} - w})

These four independent parameters may be used to deter-
mine the complex impedance, and for angle calculations and
clustering for drug recognition as described below. Multiple
measurements at one or each frequency can be made to aver-
age signal and improve signal to noise ratio (SNR). More than
2 measurements at 2 different frequencies can be used to
calculate the above four parameters. Multiple frequency mea-
surements may provide the redundancy in data that can be
utilized to improve SNR though known algorithms such as
least squares method. Although the measurements described
above reference frequency domain measurements, the
equivalent information can be obtained from time domain
measurements.

However, when determining the complex admittance of a
medical solution such as an IV solution, it is desirable to use
an excitation energy as low as possible, to prevent electro-
chemical reactions at the surface of the electrode which may
both prevent a stable determination the complex admittance,
and may undesirably modify or effect the solution being
tested. Thus, in the variations described herein, the excitation
energy applied between the sensor electrodes is typically kept
below the threshold voltage of any electrochemical reactions
that may occur in the intravenous fluid. Preferably, the exci-
tation energy applied between the sensor electrodes is kept
below the characteristic value of the energy associated with
the naturally occurring thermal fluctuations.

Thus, sensors described herein typically operates at volt-
age significantly lower than the threshold necessary to avoid
the electrode polarization effect, in order to avoid triggering
electrochemical reactions at the electrode-fluid interface. The
threshold is typically between about 0.5V and about 1 V (e.g.,
0.5V, 0.6V, 0.7V, 0.8V, 0.9V, 1.0V). Based on our preliminary
work, we have determined that, the typically undesirable
electrode polarization effect may in fact provide useful infor-
mation and important information regarding the nature and
condition of the electrode-fluid interface. For the response to
be described in terms of the cell AC admittance, all of the
measurements should be performed within the voltage range
where current is proportional to voltage-linear regime. This
regime is well covered in pacemaker-related studies, where
the electrode polarization effect is considered problematic.
Electrode polarization is considered a major source of effort
in determining the impedance of biological samples in solu-
tion (see, e.g., Oh et al., “Minimization of electrode polariza-
tion effect by nanogap electrodes for biosensor applications™
Porc. MEMS-03 Kyoto Micro electro mechanical Systems
IEEE The Sixteenth Annual International Conference on,
pages 52-55, Jan. 19-23, 2003).

The application of energy above the approximately thresh-
old in order to overcome the polarization effect (e.g., above 1
V) typically results in an external electric field strong enough
to disturb the natural arrangement of fluid components within
the double layer adjacent to the electrode surface and may
result in electrochemical reactions. The structure of the fluid
layers adjacent to the electrode interface is not static, but
rather exists in dynamic equilibrium under naturally occur-
ring thermal fluctuation. The fluctuating energy associated
with thermal motion of an ionic media can be estimated as
kT/e, where kis Boltzmann’s constant, T is absolute tempera-
turein K° and e is electron charge, which at room temperature
is about 25 mV.
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The complex admittance sensors described herein typi-
cally operate at excitation voltage of approximately 30 mV
amplitude (~21.2 mV RMS), which is of the same magnitude
as the voltage associated with natural thermal fluctuation.
This operation regime ensures that sensor measures response
of the fluid cell without considerable disturbance of the elec-
trode/fluid interface, and allows the unexpected advantages of
operating within the regime of electrode polarization which
was previously avoided.

By exploiting the usually undesirable electrode polariza-
tion effect, the devices and systems described herein may
probe the dynamic equilibrium formed at the interface of the
electrode and the fluid being tested without disturbing this
naturally occurring fluid stratification. Since the equilibrium
is rapidly formed, and is characteristic of the fluid, this infor-
mation may provide information about the interface between
the known surface of the electrode and the unknown fluid
being tested. In operation, the devices and systems may there-
fore use multiple, different electrodes (e.g., electrodes having
different surface interactions with the solution being tested).
These electrodes used to generate the admittance spectra are
typically polarizable, and the system is operated below the
thermal energy of the sample. This may allow for multiple,
highly reproducible measurements to provide signatures
based on the complex admittance that depend on the compo-
sition and concentration of components in the solution.
Benchtop System or Device

Some variations of the devices and systems described
herein are configured to be used to test solutions that are not
typically flowing. For example, a system may be configured
to test pre-prepared mixtures of aqueous solutions such as [V
drug solutions that are prepared in a pharmacy or commer-
cially. These systems may therefore be referred to as a bench-
top device or system. For example, a benchtop system may be
used to by pharmacists or pharmacies to validate prepared
doses of medical solutions. Any error in a prepared medica-
tion can have very serious consequences if the erroneously
prepared medication is administered to a patient.

Benchtop device typically includes a measurement cell or
chamber into which a sample of the solution to be tested is
applied. For example, in some variations the system will have
a sensor chamber that could be in the form of an optical cell in
which the sensor element is molded or inserted. A drug to be
tested is introduced into the cell and its electrical (and in some
variations also optical properties) may be measured to gen-
erate a set of 3 or more independent measurement values.
These values in aggregate will create a means of identifying a
particular drug from another, which may be the admittance
spectrographic fingerprint of the sample. The values of each
of'the multiple data channels, when combined, can produce a
unique pattern for each compound it measures and thus pro-
vide a means of identifying fluid compounds such as drugs.

In one example of a benchtop system described herein, the
system (or device) includes a measurement sensor that is part
of'a measurement cell, and that is utilized in conjunction with
alock-in amplifier that supplies excitation signals and detects
the resulting signals reflecting the complex admittance at
different frequencies. A controller (e.g., a computer system,
dedicated processor, or the like) may control the signals and
acquire the data.

For example, FIG. 5 shows a diagram of one variation of a
benchtop system. In this example, the system includes a sen-
sor element (typically having multiple electrodes), a lock-in
amplifier for application and receiving signals to/from the
electrodes, and a control and data acquisition system to con-
trol the application of energy and the recording of complex
admittance.
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This benchtop system implements multiple electrode fluid
admittance measurements. In some variations, the system
may also implement additional (non-admittance) sensors. For
example, optical sensors (e.g., measuring multiple wave-
length refractive index and absorption measurements); as
discussed in greater detail below.

FIG. 6 shows a slightly more detailed schematic of'a bench-
top system, configured to measure both complex admittance
and optical sensor elements. This system includes a control
and acquisition sub-system 601 (e.g., National Instruments
sbRIO 9632) that may include analog to digital and digital to
analog circuitry for generating and detecting signals, as well
as a field programmable gate array (FPGA) and on board
microprocessor with an embedded real-time operating sys-
tem. This may also provide over 100 digital lines, some of
which may be used for control and switching applications in
the device.

In this example, a modified Scitec Instruments model 441
board level lock-in amplifier 603 (a schematic of which is
shown in FIG. 7A) is used for signal detection. A program-
mable excitation signal source 605 was built by modifying an
AD9951 DDS VFO board kit obtained from Hagerty Radio.
The system also includes a sensor element 609 which is part
of a measurement cell 611, utilized in conjunction with a
switching system 613 to enable automated measurement of
the signal from all combinations of the 6 elements on the
sensor chip and all 4 optical measurement channels. This
switching sub-system 613 may be computer controlled.

The exemplary prototype shown in FIG. 6 allows testing
and switching of multiple admittance electrodes and optical
sensor channels. This switching allows the system to take a
plurality of complex admittance measurements (often simul-
taneously), and to store this data along with the additional
(optional) optical data and construct an admittance spectros-
copy fingerprint that is characteristic of the composition of
the fluid. Although any appropriate synchronous detector or
other lock-in amplifier may be used, FIGS. 7A and 7B illus-
trate board layout and block diagrams for the Scitec #441
Lock-in amplifier example described above.

Another example of a benchtop variation of the devices and
systems for determining the composition ofa fluid is shown in
FIG. 8. In this example, a sensor 801 may be part of a mea-
surement cell (not shown), and it may be a reusable sensor or
a disposable/single use sensor. The sensor may be embedded
(or may form part of) the measurement cell, or it may be
inserted into the measurement cell. In this example the sensor
801 includes six electrodes which may form up to 15 different
channels for independently sampling complex admittance, if
each electrode has a distinct surface interaction with the
sample fluid. In FIG. 8, three different electrodes are used
(e.g., Au, Au, Pd, Pd, Ti, Ti) forming six unique electrode
pairs (Au—Au, Au—Pd, Au—Ti, Pd—Pd, Pd—Ti, Ti—Ti),
and a switch matrix 803 is used to control which electrodes
are active for probing by applying energy and determining the
resulting complex admittance. A programmable (and control-
lable) excitation source 805 drives excitation of the electrode
pairs, and a signal receiving sub-system, including signal
conditioning circuit 807 is used as well. The signal condition-
ing circuit 807 may be used to smooth, filter, amplify, or
otherwise modify the signal. The receiving sub-system may
also include a lock-in amplifier 809. A controller 811 may
control the excitation and data collection, including regulat-
ing, synchronizing, and/or triggering the system and may also
collect, pass on, and/or store the data.

The system in FIG. 8 includes a wireless output that may
communicate with one or more computers 813 or other tar-
gets. However, any approriate target may be used. In addition,
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the processor that is configured to analyze the received admit-
tance spectroscopic information may be a dedicated proces-
sor, or it may include software, hardware and/or firmware
running on a dedicated or general-purpose computer. In some
variations the processor is directly coupled to the rest of the
system. In FIG. 8, the processor may be integrated into the
controller 811, or it may be part of the computer 813 to which
the system wirelessly communicates.

The benchtop device may be a compact and/or portable
device. For example, in some variations the general, the
benchtop device is configured for use in a pharmacy, and may
be used to independently determine the identity and concen-
tration of one or more drugs in a prepared IV solution. A
sample of the solution may be loaded into the measurement
chamber (e.g., less than 100 microliters may be aliquoted into
the measurement cell). The device then rapidly analyzes the
sample, and provides an output of the results.

FIG. 9 shows a prototype of a benchtop system, including
a test cell region 903, into which a sample of fluid may be
loaded. A sensor was formed by lithographic techniques, as
described below, forming six unique pairs of electrodes:
Au—Au, Au—Pd, Au—Ti, Pd—Pd, Pd—Ti, and Ti—Ti. In
practice, any of these electrodes or pairs of these electrodes
can be used for either excitation and/or reception (e.g., exci-
tation pair: Au—7Pd, reception: Ti, or excitation: Au, recep-
tion: Pd—Ti, etc).

In FIG. 9, the device also includes a controller housing 905,
which may contain the signal generator/excitation source,
and signal receiver elements for detecting the complex admit-
tance. A processor for analyzing the admittance fingerprint
may also be included within the housing. In this example, the
benchtop device is approximately the size of a notebook
computer, and uses disposable sample holders with smart
sensor chip (including all of the electrodes). The device
requires only small (<100 ul) samples, typically sufficient to
wet the sensors, or immerse them. The device determines
drug identity and concentration instantaneously, and reports
the results. The user is not required to input any information
about the sample, however in some variations the user may
indicate the intended identity and concentration of the solu-
tion. In this case, the device may indicate that the sample
matches or does not match the expected mixture.

In some variations, the device or system may indicate if the
solution tested appears to have an error in concentration or
composition, for example if the concentrations of certain
components are above those typically considered safe. Thus,
the device (e.g., the processor) may include information
about the safe concentration ranges of known compounds, as
well as information about common mixtures of compounds.
If the devices or systems do not recognize the fingerprint of
the tested solution, then the device may also indicate this.
This may occur if the fingerprint does not match the library of
known fingerprints available to the processor within a reason-
able statistical range. In some variations the system may
provide the “closest match” and indicate a confidence level
(e.g., the statistical probability of the match, or it may only
indicate a match when the likelihood is above some threshold
level.

As mentioned, the benchtop configuration described above
may be particularly useful in pharmacy setting in which medi-
cal solutions (e.g., intravenous solutions, parenteral solu-
tions, or the like) may be tested after formulation and before
administration to a patient. These systems may be integrated
into existing systems for monitoring and managing patient
safety as a confirmation of the identity and concentration of
the fluid. For example, in some variations the systems
described herein may generate a label indicating the detected/
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confirmed identity of the solution. The system may also gen-
erate a log or record of solutions examined.
In-Line System or Device

FIG. 10 shows one embodiment of an in-line sensor con-
figured to be attached in-line with an IV fluid source. In this
example, the sensor simultaneously (or essentially simulta-
neously) measures multiple parameters, including multiple
complex admittances using multiple sensors. The sensor
assembly is coupled directly in communication with the IV
solution being delivered to a patient. For example, the sensor
may be integrated or inserted in-line with an IV tube, an IV
pump, or the like. The sensor assembly is generally coupled to
a processor that can check the admittance spectroscopy fin-
gerprint against a library of known admittance spectroscopy
profiles. The system can then determine the identity or com-
position of the fluid, and report the drug identity and dosage,
triggering an alert or an action (e.g., stopping, suspending or
reducing drug delivery) if the IV solution exceeds a predeter-
mined level of a particular drug, or is missing a drug. In some
variations the system is programmed to have an expected
solution composition for a particular individual. The system
may also generally determine if one or more components of
the IV solution is outside of normal ranges.

For example, the system may be configured to monitor in
particular the levels (or doses) of certain high alert medica-
tions, and provide alerts if these medications are above a
threshold (or are present in any amount). High alert medica-
tions may include: heparin, insulin, neuromuscular blocking
agents, cytotoxic chemotherapy agents, sodium chloride
(>0.9%), potassium (chloride, acetate, phosphate, >0.4 mEq/
mL), Magnesium sulfate (>100 mL), Alteplase (t-PA, Acti-
vase), Tenecteplase (TNKase), Vinca alkaloids (VinCRIS-
tine, VinBLAStine, Vinorelbine), narcotic/opioids (e.g.,
PCA), epinephrine, norepinephrine, isoproterenol, etc.

In some variations the sensor component is disposable
while the processor portion is re-usable. In some variations,
both the processor and the sensor components are disposable
or both are reusable.

FIG. 11 shows another variation of an in-line sensor 1103
connected to an IV line 1105. The sensor may be wirelessly or
directly connected to a processor (not shown). FIG. 12 illus-
trates one variation of a processor and display 1203 for an
in-line sensor such as the one shown in FIG. 11. The display
may indicate the identity (e.g., “Heparin”, “Morphine Sul-
fate”) and the concentration detected (e.g., 48 U/mL, 2.4
mg/mL) as well as the total (cumulative) dosage delivered.
The cumulative dose may be shown numerically (e.g., 10, 984
U, 5.2 mg), graphically, or both.

In some variations, the probe (including the electrodes for
determining the complex admittance) may also include a flow
sensor, or may receive input from a separate flow sensor.
Knowing the flow of the fluid as well as the instantaneous
concentration as the [V fluid is being delivered allows for very
precise estimates of the total dosage delivered.

In any of the variations described herein, when the system
ordevice is associated with a particular patient, the system or
device may be configured to customize the output based on
patient-specific parameters. For example, the system may be
programmed with patient data indicating what drugs (or what
dosages of drugs) are to be applied. In some variations, the
system may communicate with a patient’s electronic medical
chart. Access to patient information may allow the system to
control drug delivery, and/or to warn of potential adverse
events. Even when patient-specific parameters are not avail-
able to the system or device, it may provide information
(alerts, warning, etc.) indicating variance from typical values,
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for example, when a particular drug’s concentration and/or
dose exceed an expected value.

In any of these example, the system may include a log
(which may be a non-volatile memory) storing the output of
the system (e.g., drug identity, concentration, dosage, etc.).
The logged information may be connected to the patient’s
medical information (e.g., recorded or included as part of
their medical records).

Integrated Systems and Devices

In some variations, the devices and systems for determin-
ing the composition of a fluid are not stand-alone devices and
systems, but are integrated with other devices. Thus, these
devices and systems may communicate and may share com-
ponents with one or more other devices, including medical
fluid delivery devices (pumps, syringes, tubing, etc.) and
medical monitors (flow sensors, drip sensors, [V stands, etc.),
workflow and medication tracking systems (pharmacy) and
compounding devices/robots, and the like.

For example, a system or device for determining the com-
position of an IV fluid may be integrated with, and may
control an IV pump. As mentioned above, the delivery rate of
the IV pump may be regulated based on the actual (rather than
estimated) concentration and dosage of an IV solution when
the actual concentration and identity of the solution can be
monitored in real-time, as described herein. In some varia-
tions, the system may warn of a dangerous dosage level, and
may automatically shut off delivery of the IV solution. For
example, to change dosage rate, the sensor system and pro-
cessor can provide the drug identity, drug concentration, flow
rate and delivery rate, and this information can be fed into a
control system to adjust the pump flow rate as needed to
ensure the proper delivery rate of a drug or drug combination.

The systems and devices described herein may provide
input to a delivery control system that controls an IV pump,
and thereby help to control the total IV drug dosage delivered.
For example, sensor data can be integrated to determine total
delivered dosage and this information can be fed into a con-
trol system to reduce or stop pump flow when a prescribed
dosage has been administered.

In some variations the systems and device may be used to
help control IV pumps to ensure that the correct drug
sequence is delivered. For example, when two or more drugs
are attached to one multi-channel pump, or two or more single
channel pumps, the sensor system can be used for controlling
a programmed sequence of infusions by signaling to the
pump(s) when each infusion is complete to allow the pump to
initiate delivery of the next medication.

The systems may also be used to help control IV pumps to
control drug combinations. For example, when two or more
drugs are infused simultaneously from one multi-channel
pump or two or more single channel pumps, the sensor system
can be used to control the relative proportions of the drugs
being administered by measuring the signature of the drug
combination and sending signals to the pumps adjusting the
administration rate of one or more drugs, thereby adjusting
the relative proportions of the drugs administered. This would
eliminate delivery errors associated with line connection
errors in multi-channel pumps by verifying the drug in each
channel, and may be particularly useful for preventing errors
arising from crossing IV fluid lines.

As mentioned briefly above, the system can control an [V
pump or pumps to stop or reduce flow in the event of a
detected adverse drug event (ADE). When a drug error is
detected, a signal can be sent to an IV pump to stop, suspend
or reduce the flow to avoid patient harm. A warning signal
may also be transmitted to a monitoring system for interven-
tion by a healthcare worker. The system may also control an
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IV pump based on detection of drug solution concentration
that is too high or low. When a drug is administered at too high
a concentration, a warning signal can be generated and the
pump stopped to prevent patient harm. If the concentration is
too low, a warning can be sent to healthcare workers. When
patient-specific information is provided, the system may con-
trol an IV pump based on detection of the wrong drug/dan-
gerous drug for the specific patient. For example, the system
may provide alerts or control the IV pump based on interro-
gation of electronic medical records of specific patients for
prescribed medications/concomitant medications, diagnosed
diseases, and medication allergies and correlation with drug
and dose detected in the IV line.

In some variations, the system may regulate patient con-
trolled analgesia (PCA). At home or in hospital/clinical set-
tings, the sensor system can serve as a control ensuring that
the programmed PCA limits for patient safety are not
exceeded by independently confirming the drug and dose and
reporting to the PCA pump. When excess drug is detected the
PCA pump can automatically shut off or reduce flow of medi-
cation. In addition, A PCA disconnect circuit can be imple-
mented through the sensor system, such that the sensor is an
integral part of the PCA circuit and if disconnected, turns off
the PCA unit.

Other embodiments of the complex admittance systems
and devices described herein include the use in medical
devices such as IV bags. For example, a complex admittance
sensor may be included as part of an IV bag. A sensor system
can be incorporated into an IV bag or introduced into it via an
access port to measure the solution contained within the bag.
This can be used to verify that the solution in the bag is what
is expected and is of the correct concentration and/or dosage.
If the sensor is part of the bag, it can be used to check the bag
at any point up to administration to confirm proper com-
pounding, handling and/or storage. Similarly, complex
admittance sensors may be used in conjunction with syringes.
Complex admittance sensors can be incorporated into a
syringe body or a needle and used to identify the fluid drawn
contained within or drawn into the syringe before it is admin-
istered to a patient.

Complex admittance sensors may also be used with phar-
macy compounding systems including automated robotic
compounding systems. For example, a complex admittance
sensor system can be used with or incorporated into a hospital
IV formulation compounding system to confirm the drug
identity, concentration and dosage both during the formula-
tion process and subsequent to it.

Electrodes for Measuring Complex Admittance

The systems and devices for determining fluid components
described herein typically include a plurality of electrodes.
Each electrode includes at least one fluid-contacting surface
that is configured to contact the fluid to be probed by the
system or device, so that the fluid may interact with the
surface of the electrode to form a dynamic equilibrium
against the surface (e.g., the layered structure described from
FIG. 2). The surface interactions of a particular fluid are
characteristic of both the composition of the fluid and the
nature of the surface. As mentioned above, the systems
described herein typically compare the complex admittance
data from an unknown fluid against a library of known com-
plex admittances. Thus, the electrode surfaces of the probe
are controlled and maybe stereotyped, allowing comparison
of'sampled complex admittance data against the known com-
plex admittance data without requiring substantial adjust-
ments or normalizations of the measured complex admit-
tances.
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In general, the devices and systems herein may include one
or more arrays of electrodes for determining complex admit-
tance. The electrodes are typically arranged so that pairs or
combinations of electrodes may be stimulated and measured
in order to determine complex impedance or admittance.
Thus, a collection of electrodes may be arranged as a probe, a
test cell, a conduit, a flow-though chamber, or the like. All of
these variations are configured to bring the test solution (e.g.,
IV solution) into contact with the electrodes. A collection of
two or more electrodes may also be referred to generically as
a sensor. Thus, a sensor may have multiple pairs of electrodes
having fluid-contacting surfaces that interact difterently with
the test fluid or solution.

The electrodes described herein may be referred to as
admittance electrodes, and may be configured in any appro-
priate manner. The system and devices described herein typi-
cally perform fluid admittance measurements in which at
least 2 conductive or semi-conductive electrodes are used in
contact with the fluid. In general, multiple electrodes may be
excited by a waveform signal having variable voltage and
frequency.

Electrodes may be formed of any appropriate material,
including metals, semiconductor materials, glassy carbon,
carbon nanotubes, nanowires, porous materials, or the like. In
some variations, the electrodes are formed from semi-con-
ducting oxides (ITO), sulfates, phosphates, etc. at various
degrees of doping or ceramics. In some variations, the mate-
rials forming the electrodes are noble metals such as gold,
platinum, palladium, rhodium, ruthenium, osmium, and iri-
dium or their alloys. The electrodes may be formed of metals
and alloys that generally are oxidation resistive such as nio-
bium, tantalum or stainless steel, etc. or ones that form pro-
tective oxide layers such as titanium, aluminum, magnesium.
The electrodes may be formed of metals with a thin protective
layer such as SiO, that has been added over the electrode. The
electrodes may be formed from combinations of any or all of
the above discussed electrode materials.

For an electrical impedance sensor, multiple pairs of metal
pads may be used. As discussed above, the electrodes used for
admittance measurements may be polarizable (or fully polar-
ized) electrodes. The electrodes may be formed of the same
material, or of different materials. Different metals and pairs
of'metal pads will provide unique responses when exposed to
drug compounds in solutions. For example if two electrodes
each of gold, platinum and palladium may be used, and the
following combinations of metal pads can be used for sens-
ing: Gold+Gold, Gold+Platinum. Gold+Palladium, Plati-
num+Platinum, Platinum+Palladium, and Palladium+Palla-
dium.

The electrodes may be formed of the same material, but
may have different surface and bulk morphology, crystalline
structure or granularity, which may present a different surface
interaction between the fluid and the electrode. In some varia-
tions, the electrodes are of the same material, but the surfaces
are chemically of physically modified and/or functionalized
(chemically treated, coated, mono-layered, etched, plasma-
etched, subjected to ion implantation process).

Pairs of electrodes may be formed of the same or different
electrodes (e.g., electrodes having similar or different sur-
face-fluid interactions). For example, a sensor may include
multiple pairs of electrodes in which each electrode in a given
pair of electrodes are formed from the same materials or are
formed from different materials. In some variations, the sen-
sor includes electrodes having three or more electrodes of two
or more compositions simultaneously.
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In general, the electrodes may be formed from pads, traces,
lamellae, interdigitated or other patterns of material depos-
ited on an insulating substrate.

The leads for connecting to electrodes may be formed from
conductive material covered by a non-conductive layer to
isolate them from the conductive fluid. In addition, part of the
electrode surface may be covered with one or more insulating
material, controlling the surface of the electrode exposed to
the fluid. Thus, the electrode may include openings in a non-
conductive layer that define the geometry of the working
surfaces exposed to the fluid.

In some variations the sensor includes electrodes for deter-
mining the complex admittance that are arranged as a probe.
A probe may be configured for insertion into a solution or
attachment to a vessel configured to contain the fluid. For
example,

In some variations of a sensor assembly, the sensor is a
probe including electrodes having fluid-contacting surfaces
arranged near each other. In some variations the distance
between electrodes forming pairs is approximately the same.
FIG. 13A illustrates one variation of a probe including six
electrodes that each have a fluid-contacting surface 1301,
1303, 1305, 1307, 1309. In this example, the electrodes are
formed as a layer on top of a conductive element (shown in
black) that is insulated. The insulation is open only over the
fluid contacting surfaces of the electrodes (shown as circles in
this example).

In addition to the electrodes for determining admittance, a
sensor may also include additional sensor elements, includ-
ing sensors for measuring other characteristic fluid properties
such as refractive index and/or optical absorption (e.g., opti-
cal sensors, etc.). A sensor may also include additional sensor
elements for determining bulk properties of the fluid, such as
thermal conductivity or thermal diffusivity and/or whether
the fluid is steady or flowing. For example, FIG. 13B shows
one variations of a sensor including six admittance electrodes
(arranged as shown in FIG. 13A) as well as a thermal
anemometer flow sensor 1321 and an optical waveguide 1323
all incorporated into a single assembly. As in FIG. 13A, the
traces shown in black are formed of thin films of a metal such
as gold. The color dots represent thin films of other metals
deposited to form pads. The active areas of these sensors are
the metal pads at the end of the traces. These pads are of
different metals chosen to be compatible with immersion in
typical IV carrier fluids. The admittance electrodes include an
insulating coating except in the area of the metal pads. This
coating prevents contact of the sensor leads with the conduc-
tive fluids but exposes a portion of the pads for direct contact
with the fluid being tested. This sensor may be fabricated by
known semiconductor fabrication techniques, which may
provide precise control of the exposed surfaces of the admit-
tance electrodes. For example, the probes may be produced
by lithography on glass or other substrates. FIG. 13C shows a
compact variation of the sensor array of FIG. 13B. FIG. 13D
is an alternative view of FIGS. 13B and 13C, indicated the
leadframe region of the sensor array, which may be coupled or
connected to the rest of the systems for determining fluid
composition. The dimensions of the example shown in FIG.
13D are: 10.5x8.5 mm, and it is integrated with lead frame as
shown on the left side of the figure. The compact embodiment
shown in FIG. 13C is approximately 2.5x3.875 mm.

The variations shown in FIGS. 13A-13D also illustrate the
concept of highly reproducible disposable or single-use sen-
sors. The sensor arrays may be fabricated to a very high level
of'accuracy so that a new, previously unused sensor may be
inserted in the system, used to test a solution, and removed.
The used sensors may be recycled or reconditioned. For
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example, FIG. 14 shows a full panel of sensors similar to
those shown in FIG. 13B that may be manufactured using
metal deposition and lithography. The overall dimensions of
the panel of sensor elements are 5x5 inches, and the indi-
vidual sensors may be cut apart, or tested as part of a panel or
strip (e.g., left connected, but used to test separate fluids).

The sensors described herein may also be configured as a
measurement cell. A measurement cell may be configured so
that the sensor forms the bottom of a chamber to contain the
fluid, or the sensors may form a part of the wall of the cham-
ber. In some variations, the measurement cell is sealed until
ready to use and is punctured by a needle to introduce the
sample to be measured. The measurement cell may be sealed
and evacuated so that the sample will be drawn in by the
differential air pressure. A measurement cell may be filled by
capillary action of fluid through a capillary, micro-channel,
wick or other sponge-like porous material. In some varia-
tions, the cell is sealed and may contain a measured amount of
dry material or ionic fluid to introduce additional ions into the
solution to be measured. In this case, electrolyte may provide
ions for improved measurements of solutions that are in water
or dextrose solutions. The presence of the additional electro-
lytes may be included in the analysis and recognition of the
drug signature and should be compatible with the drugs to be
measured.

In some variations, the system includes a measurement cell
in which a second identical sensor or sensing site is exposed
to a sample of a standard reference fluid such as normal saline,
in a sealed chamber, while the first sensor is exposed to
sample of fluid under test. The excitation is applied to both
sensors and the signals from both are collected simulta-
neously and used for differential and/or ratiometric measure-
ments.

The sensor or measurement cell may be compatible with
automated use. For example, the measurement cell may be
contained in a track or belt such as that used to contain surface
mount electronic components for automated pick and place
assembly. In the electronics industry, this is known as “tape
and reel”. In some variations, the measurement cell is con-
figured to be part of a strip of measurement cells.

Signal Generator

In general, a measurement of the complex admittance is
performed by the application of energy across a pair of elec-
trodes, as illustrated above. Any appropriate signal generator
(excitation source) may be used. The applied signal is typi-
cally less than 1 V (and typically less than 0.5V).

The electrical impedance sensors are excited for detection
of admittance signals by applying energy across pairs of
electrodes, as illustrated above. Admittance electrodes can be
excited with a voltage waveform, voltage at a single fixed
frequency, a set of two or more discrete frequencies, and/or a
continuous sweep of frequency over a defined range. In some
variations, a DC bias current may also be applied on top of the
AC excitation to provide different measurement conditions.
The data from these measurements provide signals related to
both the surface property and bulk property and therefore the
composition of the fluid contacting the sensor. Thus, pairs of
electrical impedance sensor pads, such as those shown above
in FIGS. 8 and 13A-13D, can be excited with ac current at a
single fixed frequency, a set of two or more discrete frequen-
cies, and/or a continuous sweep of frequency over a defined
range. For each frequency, one or more excitation amplitude
levels may be applied to the sensor.

Thus, the signal generator may be configured to apply a
single excitation frequency, or two or more different excita-
tion frequencies. In some variations, the signal processor is
configured to apply 10 or more different excitation frequen-
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cies. As mentioned, the signal processor may be configured to
continuously sweep the frequency from a starting frequency
to an end frequency. The applied frequency may be varied in
defined steps from a starting frequency to an end frequency. In
some variations, the swept frequency fluid admittance mea-
surements are taken in which the start frequency is lower than
the end frequency, or the start frequency is higher than the end
frequency.

In some variation, the excitation signal consist of a pure
sine wave, an amplitude-modulated sine wave, a frequency
modulated sine wave or phase-modulated sine wave. The
applied time varying excitation signal waveform may be a
shaped waveform, such as a square waveform, a triangular
waveform, a sawtooth waveform, an arbitrary function of
time waveform, or noise of various kinds such as white noise,
pink noise of flicker noise.

The signal generator may apply energy to the admittance
electrodes at a single excitation voltage level, or at different
excitation voltage levels. For example, the signal generator
may apply energy to the admittance electrodes at 10 or more
different excitation voltage levels. The ac excitation level may
be at or below the thermal energy level in the material to be
tested. As mentioned, in some variations, a dc bias voltage is
applied in addition to the ac excitation.

In some variations, the system is configured and arranged,
so that the excitation signal and the measurement system are
switched between pairs of electrodes. The switching may be
controlled by a timer, a computer or other controller (e.g.,
microcontroller). The excitation signal level, as well as the
excitation signal frequency, may be controlled (separately or
jointly) by a timer, a computer or other controller (e.g., micro-
controller).

In some variations, switching between excitation frequen-
cies and/or pairs/sets of electrodes may be synchronized with
the excitation voltage so that the switching takes place only at
the predefined levels of the excitation voltage, such as in case
of the sine waveform when exhilaration voltage is crossing
zero level or when it reaches maximum or minimum or any
other predefined level.

In some variations, the system may be configured so that a
single signal generator is used. In some variations, the devices
or systems may include multiple signal generators. For
example, the system may be configured to energize more than
2 electrodes or pairs of electrodes and measured simulta-
neously at the same frequency or at different frequencies.

In variations in which electrodes that are not used for
admittance measurements are used (for example, where elec-
tric flow detectors such as an anemometer), the same single
generator may be used, or a separate signal generator may be
used.

In any of the variations described herein a controller may
also be used. As mentioned, the controller may be a dedicated
controller (such as a microcontroller), or it may be a general-
purpose computer adapted for use. In some variations, the
processor is integrated with the controller. The controller
generally regulates the generation of excitation waveforms,
as well as any additional sensors, and can regulate the switch-
ing between sensors. The controller may also collect data
from the sensors (including the admittance electrodes), store
and/or distribute data collected. Thus, a controller may be
used for sensor and detector response conditioning and read-
out. The controller may perform these functions itself, or it
may coordinate performance of these functions by one or
more sub-systems.

For example, the systems and devices described herein
may include a controller that controls digitization of sensor
and detector responses. The controller may also filter and
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store digitized data. The controller may also pre-condition the
data (e.g., by amplifying it, smoothing or filtering it, or sub-
tracting it from a baseline, etc.).

In some variations, the system also includes a network
interface for communication with one or more networks
(which may be wired or wireless). The system or device may
also include a user interface, including appropriate user
inputs and outputs (displays/printers, keyboards, buttons,
touchscreens, trackballs, etc.).

In addition, the system may also include one or more
memory elements for storing data, including storage of stimu-
lation parameters and user-input data. Stored information
may also include a log ofthe performed measurements and/or
full history of infusion treatment based on measured drug
identities, concentrations and flows along with the times-
tamp. Any appropriate (digital) memory may be used, includ-
ing removable media memory.

Processor

The systems and devices described herein also typically
include a processor for analyzing the complex admittance
(e.g., the admittance spectroscopy fingerprint) and compar-
ing it to a library of known complex admittances, and any
additional characteristic parameter measured. The processor
may be electronic, and may include hardware, software, firm-
ware, or the like. The processor may be a dedicated processor,
or a general-purpose processor, and it may be local or remote.
In some variations, the processor is a distributed processor.

The processor may include a library of known parameter
values. The parameter values are coordinated to a solution
having a known identity and/or concentration of components.
The parameter values may include the complex admittance
values measured from known fluids at defined compositions
and concentrations. The library may be stored in the memory
of'the processor, or it may be accessible (remotely or locally)
by the processor. For example, the library may be stored to a
flash drive that can be updated periodically, or it may be
located on a remote server and accessed (or downloaded) by
the system or device. In some variations the library may be
constructed or added to by the system or device, operating in
a calibration mode.

In general, the library values are measured under similar
conditions as the test conditions. In particular, the complex
admittance may be measured using a sensor that is configured
similar or near-identically to the sensor used by the testing
device or systems. Thus, the library may include complex
admittance data that corresponds (or matches) the measure-
ment parameters of the admittance electrodes. For example,
the library admittance spectrographic fingerprint for a known
composition of fluid may be indexed by the same electrode
pair (e.g., Au—Au, etc.) at the same applied energy (fre-
quency and energy level). The admittance electrodes making
the measurement do not have to be the actual electrodes used
to determine the library reference admittance parameter,
however, they should have approximately the same surface
interaction, which may mean that the material forming the
fluid-contacting surfaces and the geometry of the fluid-con-
tacting surfaces may be approximately equivalent.

The fingerprint collected from the test device or system
may include more or a subset of the parameters in the finger-
prints of the library. In general, the processor may use only a
subset of the parameters (e.g., the admittance spectroscopy
and any other characteristic data) to identify the composition
of the test sample.

The processors described herein also typically include
logic for recognizing patterns between the test fingerprint and
the library of fingerprints. For example, the processor may
include pattern recognition algorithms trained to recognize
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patterns corresponding to known solutions (e.g., solutions
having drugs or mixtures of drugs in a carrier). For example,
the processor may include logic that is configured to perform
multi-dimensional data clustering, pattern recognition and/or
neural network algorithms utilized for drug recognition from
the training patterns. The processor logic is typically execut-
able on any appropriate hardware, firmware or the like, as
discussed above.

Algorithms for recognizing drugs from multi-parametric
sensor data may utilize sensor data from multiple channels to
identify drug compounds in a solution. The data set examined
(e.g., the fingerprint) may include single data points, two
dimensional curves, as well as pathways in multi-dimen-
sional space to recognize specific drug compounds. In some
variations, software algorithms to detect drugs from the data
input can be based: thresholds, peak fitting and analysis,
clustering, and angles in 2D or multi-dimensional space. The
processor may include neural networks that are trained on the
library of known drug solutions, and interpolate between
known data points to determine the identity and concentration
of drugs or mixes of drugs.

Any appropriate pattern-recognition or classification algo-
rithm may be used by the processor to determine drug identity
and/or concentration. As described herein, in some variations
the complex admittance (and any other characteristic param-
eters measured) may be represented as a vector, including
multidimensional vectors of greater than 2°¢ and 3 order
(n-dimensional). For example, the fingerprint taken from the
sample may be curve fit to define the equation of the path
taken by the curve through a multidimensional space for each
drug versus concentration.

In some variations, the processor could include logic or
algorithms for comparing and/or recognizing fingerprints
that has been hard coded into a specialized chip (e.g., FPGA,
etc) configured to run as hardware rather than software. In this
implementation, the specialized chip could be pre-pro-
grammed or trained with the drug patterns and could do
hardware-level matching of sensor input patterns with those
preprogrammed into the chip.

In some variations the pattern recognition logic may be
referred to as “adaptive.” As used herein, the term adaptive
generically refers to a trainable system or network (e.g., an
adaptive neural network trained on the library of fingerprints).
In some variations, the pattern recognition logic may also be
pre-trained, or fixed, and not “trainable” in a conventional
sense. For example, a network may be constructed to recog-
nize test fingerprints based on a library of fingerprint data.

A processor may generally receive the fingerprint “pattern”
(e.g., the complex admittance data and any additional char-
acteristic data), and compare the pattern to the known library
fingerprint patterns. The processor may perform some or all
of'the following steps: pattern acquisition, feature extraction,
pre-processing, classification, regression description, pos-
processing and communication of results and/or alerts. Pat-
tern acquisition typically represents collection of the multi-
dimensional sensor data. Feature extraction may involve
determination of signal levels and extraction of primitives,
such as vectors or curve descriptors. Pre-processing may be
required for the feature or descriptor values to be properly
scaled and corrected for the device transfer function, includ-
ing any nonlinearity of sensors and electronics response. This
may be an especially useful function if neural network algo-
rithms that require features to be scaled to unity are utilized.
Post-processing typically interprets the output obtained from
the classification, regression and description steps. Based on
identification of the compound(s) in solution, this step may
include loading information on sensitivity of the patient to the
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identified drug, and calculate the concentration and the dose
and sends a message to either a pump interface or graphic user
interface, which may generate an alert.

As mentioned, any appropriate pattern recognition algo-
rithms may be used, including data clustering algorithms,
statistical classification algorithms, neural network algo-
rithms and structural analysis algorithms.

A simplified example of the drug recognition process that
a processor may perform is provided. In this example, a pair
of metal electrodes are exposed to a fluid, and the surface
interaction between the electrodes and the fluid can be inves-
tigated by energizing the electrodes with an AC voltage or
current and measuring the resulting complex current or volt-
age. As described above, when the stimulus signal is small
enough for the system to respond linearly, the system can be
described in terms of complex AC impedance or admittance,
e.g. real (x) and imaginary (y) response components can be
measured.

The values of x and y as well as their relative magnitude
change predominantly with the electrical properties of the
fluid flow and fluid-electrode interface, both of which are
greatly affected by the composition of the flow. The change in
these values is correlated to the nature of the fluid material
and may be used to identify the particular material. In the case
of IV drugs, the responses may be used to identify the par-
ticular drug(s) present in the flow of a carrier fluid such as
saline or Ringer’s lactate.

In this example two circular coplanar gold electrodes of
0.32 mm in diameter are placed at 0.75 mm distance from
each other on a wall of a non-conductive flow path. A 100
KHz AC voltage of 8 mV amplitude was applied across the
electrodes in series with a 50 Ohm resistor and the voltage
drop across the resistor was measured using a Stanford
Research Model SR830 lock-in amplifier. A PC was con-
nected to the lock-in amplifier via RS232 interface with soft-
ware recording the complex voltage read by the lock-in
approximately twice per second. The data was plotted with
the real part of the measured voltage value along the X-axis
and the imaginary part along the Y-axis. In this experiment,
due to the naturally occurring noise, an average (x,+iy,) and
standard deviation (o) were determined. A measured voltage
value (x+iy) deviating from the average value by IAx+
iAyl>60 in any direction on the XY chart is a statistically
significant indication of a change in the fluid. In this case,
arg(Ax+iAy) defines the angular direction of the deviation
vector. Two deviations Ax,+iAy, and Ax,+iAy, are statisti-
cally distinguishable if |AX,+iAy,[>60 and |AX,+iAy,|>60
and |AX, —AX,+i(Ay, —Ay,)>60. The latter inequality defines
the relationship between the magnitude of the deviations and
the angle between them for the deviations to be distinguish-
able from each other.

Our experiments demonstrated (and can be explained theo-
retically) that for highly diluted additives to the saline flow the
deviation distance from the pure saline point depends on both
concentration and molecular or ionic composition of the addi-
tive, while the direction depends predominantly on the
molecular or ionic composition of the additive. For higher
concentrations of the additive both magnitude and direction
of the deviation become concentration-dependent in unique
and distinguishable manner depending on the nature of the
additive.

In this example, the sensor is measuring flowing saline and
a 1 ml of drug such as saline-diluted potassium chloride is
injected into the flow as a bolus dose. Once the “front” of the
bolus reaches the vicinity of the electrodes, the complex
current deviates from its average value in pure saline and
returns back when “trailing edge” of the bolus passes the
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vicinity of the electrodes, producing a characteristic curve or
signature. It can be seen that the “front” of the potassium
chloride injection produces deviation from saline point which
is a nearly straight line at a distance far greater than the 60
threshold of detection, which allows for accurate determina-
tion of the direction of the deviation vector. For example, a
linear regression of the measurement points from the 60
threshold of detection to the distance may be performed
where residuals start exceeding 60. To make the results more
comprehensible, an angle between X-axis and the directional
vector of the deviation based on the regression coefficients
may be calculated, which was found in this example to be
74.4°.

When a 1 ml of saline-diluted magnesium sulfate bolus was
injected into the system, the measured complex voltage
traced a curve very different form the potassium chloride
injection. As can be seen in FIG. 32, the deviation from the
saline point is more vertical, and of a smaller magnitude. The
angle of the initial deviation calculated as explained above
was found to be 85.6°.

Approximately 1 ml of plain deionized water was also
injected into the saline flow. The water generated a different
curve, deviating in nearly opposite direction from the previ-
ous injections. The angle of the initial deviation for a water
injection was found to be -118.2°.

The statistical uncertainty for these angle measurements
was estimated from the residuals of the linear regression used
to calculate coefficients determining the angles and for all
three substances was found to be +0.62°.

In some variations, the processor may be configured for
recognition of drugs by continuously collecting data from the
sensor(s) and checking whether the value exceeds the 60
threshold. Once the threshold is exceeded, the software indi-
cates that a different substance is likely present in the flow and
starts linear regression on the consecutively measured points,
checking whether residuals exceed the 60 threshold. At that
point, the algorithm may conclude that the linear section of
the deviation curve is over and calculates a directional vector
of'the data set being reduced. The directional vector can then
be compared to values previously determined for the vectors
for specific drugs. In some variations, the analysis can be
done in terms of angles. For example, if the detected deviation
falls within 74.4+0.62°—the injected bolus is likely potas-
sium chloride, if it falls within 85.6+0.62° or —118.2+0.62°
the injected substance is magnesium sulfate or water respec-
tively. If the angle is outside the known boundaries the algo-
rithm reports the unknown substance in the flow. The same
analysis may be performed using more than two dimensions,
as mentioned above.

This simple algorithm can be adapted to recognize other
substances that produce deviations in various directions by
supplying the values for the expected angles. Much more
elaborate pattern recognition algorithms can be applied to the
differentiation and recognition of curves generated by the
sensing system in multi-dimensional space, as described, for
example, in Sing-Tze Bow, Pattern Recognition and Image
Preprocessing, 2002; M. S. Nixon, A. S. Aguado, Feature
Extraction and Image Processing, 2002; and D. Maltoni, D.
Maio, A. K. Jain, S. Prabhakar, Handbook of Fingerprint
Recognition, 2002. For example, the recognition software
can be based on artificial neural network and fuzzy logic
algorithms.

The processor may also include algorithms for determining
potential drug errors. For example, the processor may calcu-
late, based on the identified drug, concentration, and flow
data, the dose of a particular drug that a patient is likely to
receive, and compare the projected dose with pre-specified
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dose limits that are generally safe for patients. This allows
drug errors to be anticipated. In some variations, the proces-
sor also incorporates patient data such as, but not limited to,
body weight and age to improve prediction of errors in
progress and/or expand the number and types of error
detected. Patient data can be automatically retrieved from
EMR (electronic medical record) or programmed into the unit
manually via computer or directly into the processor.

As mentioned, the processor may be all or partially local or
remote from the rest of the system. For example, in some
variations the data processing, drug recognition and ADE
detection takes place fully at the sensor’s local processor. In
other variations, the data processing occurs at least partially at
the sensor’s processor and partially a pump’s microcontroller
(embedded microcontroller). In some variations, all of the
processing of the test fingerprint occurs at a remote
processor(s), for example, at an [V pump’s microcontroller or
on a remote server within a health care provider’s network.

As mentioned above, the devices and system described
herein may include a log or memory for storing or recording
the results of the use of the device and/or operational data. An
infusion log is typically stored in and downloadable from a
processor or pump microcontroller or both. A log of the
detected drugs and dosages may be stored in memory asso-
ciated with the processor, IV pump or a remote receiver unit.
Such data may be later transmitted to a hospital I'T system or
downloaded from the local device.

Although the majority of variations described above
encompass systems and devices in which the admittance
spectroscopy is used to both identify the components of an
unknown solution and to verify the concentration of the com-
ponents, in some variations, the system or device may be
configured to determine just the identity of one or more com-
ponents of a solution.

One variation of the admittance spectroscopy methods
described herein provides a special case for the determination
the identity of one or more components of a solution. At low
concentration (e.g., under highly dilute conditions), the iden-
tity of one or a mixture of drugs in solution may be readily
determined, independent of the actual concentration.

As mentioned above, the angular dependence of multi-
dimensional signals, including electrical signals, may be
determined for a particular electrode pair based on the com-
plex impedance. This may allow an approximation of the
identity of the compounds as the concentration of the com-
pound(s) in solution increases from zero to a non-zero value.
Expressed as a vector, the direction of the multi-dimensional
signal’s vector may reflect the identity of a compound (or
identities in the case of mixtures of compounds). We have
found that for some drugs at low concentrations, the angles
resulting from the in-phase and quadrature components of the
ac signal are independent of concentration. The angle there-
fore depends only on the nature of the drug, and not its
concentration. Since the systems described herein are multi-
parametric, and multiple signals are recorded for each sub-
stance or mixture of substances in solution, the response may
be represented by a vector in sensor signal space.

Thus, in some variations, the measurements may be per-
formed on the background of a known carrier infusion fluid
(e.g., 0.9% saline, solvent, or other typical fluid such as Ring-
er’s Lactate or Dextrose solution). In this case, the identity
may be determined as the concentration initially increases
from zero in the carrier, independent of the eventual final
concentration. Thus this variation it may be convenient to
place the origin for the frame of reference at the end of signal
vector generated for a known carrier infusion fluid (e.g.,
saline) and operate with the signal deviations from that point
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rather than with the full signal vectors and call deviations
from the know carrier infusion fluid point “signals”. The
sensor signals may exhibit non-linear responses to drug con-
centration that are different for drugs of different type and
parameters. At very low drug concentrations, the sensor sig-
nal will be approximately proportional to the concentration
(the non-linear response to concentration can be represented
by a Taylor series in the neighborhood of a known carrier
infusion fluid point and only linear term retained). In this case
the constant in the linear term can be called “sensitivity”, each
coordinate of the response vector (¢, I, . . . I,,, 1S proportional
to concentration Ac and the vector coordinates are s;Ac,
s,Ac, .. .s,Ac, or Ac*(sy, s,, . . . 8,,), where s, is sensitivity of
the i-th sensor signal (or channel) and vector (s, s,, . . . 5,,) can
be called “sensitivity vector” that will be different for differ-
ent types of drugs. If in a drug #1 of concentration Ac the

— . .
sensor produced response r and in drug #2 at concentration

AC response R the cosine of angle between these two vectors
can be calculated as:

—

‘B Acs-ACS 38

=

—
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where s and S are sensitivity vectors to drug #1 and #2
respectively. This consideration demonstrates that for small
concentrations of drugs the angle between the response vec-
tors does not depend on concentrations and depends only on
sensor sensitivity to a particular drug, e.g. drug type. There-
fore the angle between the response vectors can be used as a
simple metric for distinguishing between the drugs indepen-
dently of their concentrations as long as the concentrations
are low. In the presence of naturally occurring noise, the angle
between the vectors can only be calculated with finite accu-
racy determined by noise characteristics and sensitivity of the
sensor response. For practical purposes, the angles can be
calculated between consecutively measured response vectors
for a number of measurements performed for a single drug
and standard deviation calculated for such dataset would
define the smallest angle that can be resolved and thus the
maximum achievable resolution. For higher concentrations,
the measured response of the sensors for a set of concentra-
tions within range of interest for a given drug will be stored in
memory in the form of a lookup table or polynomial fits, etc.
This information will establish the calibration function:

=5 ()

for a particular drug, so that once drug is identified the
concentration of it can be calculated from the sensor
response:

c=571(¥)
This information is redundant for concentration calculations,
so either only one sensor channel can be used, several chan-
nels or absolute value of the response vector, etc. depending
on whether the noise is non-correlated or partially correlated
between the channels. Once the drug is identified at the time

t, the sensor response can be pulled out of the database and
instantaneous drug concentration can be calculated:

(=517 @).

If the drug concentration exceeds safe limits at any time
during the injection, the system can provide an alarm. Once
the drug is identified, the response data can be traced back in
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time to the point t, where the response first exceeded two
standard deviations from the saline point. The cumulative
dose D(t) at a time t then can be estimated as:

D)= frq(t)C(t)dt,
)

where q(t) is instantaneous volumetric flow measured by the
flowmeter.
Data Communication Methods

In the various examples of systems and described herein,
the component parts of the system communicate with each
other either by directly connecting to them (wiring) or wire-
lessly. Because many of the medical fluids to be sampled by
these devices and system are conductive, aqueous solutions,
in some variations the system may take advantage of the fluid
other system components to communicate with other compo-
nents of the system. For example, an IV fluid to be sampled
may be used as a data communication channel. The sensor
data stream may be encoded into electrical signals carried by
the conducting fluids. Sensor data may be transmitted from
the sensor assembly and/or processor unit through the IV
fluid by using the fluid as a communication channel. Electri-
cal signals can be transmitted through a conductive IV fluid at
very low signal levels. Multiple data channels may be
encoded by using different frequencies and/or modulation
methods.

In some variations, the IV tubing may be used as a data
communication channel. The sensor data stream can be
encoded into signals (optical, acoustic, or electrical) that can
be carried by the IV tubing. As a transparent plastic, the IV
tubing can be used as a conduit to transmit optically, electri-
cally or acoustically encoded signals from a sensor or proces-
sor to a receiver.

The IV fluid may also be used as a medium for conducting
sensor signals through light. Sensor data may be transmitted
by using the I'V fluid and tubing as a medium for conducting
light onto which the sensor signals have been encoded. In this
case, the fluid and tube system can work like a fiber optic in
acting as a conduit to contain the optical signals and transmit
from one point to another.

In some variations, the sensor communication channels
(wires, optical fibers, etc) may be incorporated into the IV
tubing. Communication pathways can be built into IV tubing
at the time of manufacture to provide a data pathway for
transmitting sensor data. The incorporation of wires, conduc-
tive polymers and/or optical fibers will provide a means for
transmitting signals from a sensor unit and/or processor unit
to a receiver unit or to an IV pump.

A sensor unit processor and a pump may communicate
through the IV line: Using the tubing or IV fluid as a media for
communication electrically, optically and acoustically (ultra-
sound). Information from the sensor and or processor that is
transmitted to the pump may include: flow rate, flow tempera-
ture, the presence of bubbles, drug identity, drug concentra-
tion, drug delivery rate, and carrier fluid identity.

The systems and devices described herein may also com-
municate sensor data to an IV pump by an optical interface.
Communication can be by either a fiber optic link or free
space optical signal link.

The systems and devices described herein may be inte-
grated with one or more other devices (or components of the
system) including IV pumps through serial, Ethernet, wire-
less or optical communication means. For example, a device
or system may be linked to an IV pump through any common
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data communication interface including but not limited to the
following: Ethernet, wireless, optical, and acoustic.

As mentioned above, communication of data from a sensor
unit to a remote processor may be performed by wire, wire-
less or optical means. In this case, the processor unit may be
located physically at some distance from the sensor unit and
the sensor signals communicated through a communications
link that includes but is not limited to the following: Ethernet,
wireless, optical, acoustic, including ultrasound

In some variations the IV fluid may be used by the device
or system as an RF antenna. Thus, communication between
the processor, the pump and hospital IT infrastructure and
individual communication devices (PDAs, mobile phones,
etc.) may be established wirelessly using IV fluid in the line as
an antenna. RF signals may be coupled into the conducting
fluid contained within the IV tubing or fluid bags which will
act as an antenna to radiate and receive signals.

Outputs

The systems and devices for determining the components
of an unknown solution described herein may include any
appropriate output, including information outputs (displays,
printouts, alert lights, sounds, etc.), memory outputs (logs,
digital records, etc.), control outputs (changing the operation
of'a device based on the result), or any combination thereof.

For example in some variations, the system or device
includes a display. The display may be coupled to the device
or located remotely to it. The display may indicate the results
of the analysis, including indicating the identity and/or con-
centration of one or more components of the fluid. A display
may also provide instructions, and system information (e.g.,
indicating how to operate the device), or error codes associ-
ated with operation.

For example, a panel or display may be present on the
sensor, processor or an [V pump integrated with the device.
The display may indicate what drug(s) was/were detected and
warns of unexpected drugs, concentrations and dosages.
Drug identification information and ADE may be indicated in
progress alert or messages that are indicated at the sensor’s
processor unit. In variations in which the system for deter-
mining the components of an IV drug solution is integrated
with an IV pump, both the system and the IV pump (or just the
IV pump) may include a display, such as a display using text
display or light of various color and flashing sequences in
order to provide an alert. The alert (e.g., triggered by potential
adverse drug events) can also include but is not limited to: an
audible alarm, an optical signal (glow, color change, etc.)
when the medication being administered regardless of
whether it is a potential error.

Audible alert signals may also be used. Similarly, specific
audible alert signals may be generated by the sensor system or
by an IV pump (or other associated device), or by only the IV
pump. Such signals can indicate but are not limited to (when
the presence of a high alert medication is triggered): an over-
dose or under dose condition or a drug that is contraindicated
for the specific patient.

Visual alert signals may include flashing lights or the con-
tinuous glow of a specific color light. Visual and/or audio alert
signals can encode the type and severity of the error in
progress once the error is identified.

In some variations, the system may also indicate that it has
been correctly/incorrectly connected, or has not been con-
nected. For example, the system or device may indicate the
presence or absence of the sensor in an IV line, and/or
whether the communication between sensor processor and
pump microcontroller has been established.
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Use of Admittance Spectroscopy with Other Sensor Modali-
ties

The general concepts of multiparametric sensor measure-
ments to determine identity and concentration are herein
developed in the particular case of admittance spectroscopy.
However, these same general concepts may be applied using
other modalities that detect properties reflecting characteris-
tics of a particular solution composition. These additional
modalities, examples of which are provided below, may be
used in combination with the admittance spectroscopy
devices and methods described herein.

The general principles of multiparametric analysis used to
determine identity and concentration applied herein may be
expressed in a general case. For example, two different sen-
sors respond to index of refraction and specific weight may
provide multiparametric data that may be used to determine
identity and concentration. A sensor that responds to index of
refraction or specific weight may have a measured response
Ar that depends on both the nature of the introduced compo-
nent (properties such as MW, polarity, etc.), Ap, and its con-
centration, Ac. Thus: Ar=f (Ap, Ac). From a single measure-
ment, concentration can be deduced if the nature of the
component is known and vice versa. When multiple sensors
are used, the measured response is now a vector: Ar=(Arl,
Ar2), which depends on both nature the introduced compo-
nent (Ap) and its concentration (Ac): Ar=f (Ap, Ac). For very
low concentration Ar=~(2f(Ap,0)/3c)*Ac. Value 3f(Ap,0)/ac
does not depend on concentration and can be called “sensi-
tivity vector”. When the sensors are exposed to two different
substances, Apl and Ap2, at concentrations Acl and Ac2,
respectively, the response vectors will be Arl=(3f(Ap1,0)/
3c)*Acl and Ar2~(3f(Ap2,0)/3c)*Ac2.

The cosine of angle between these two vectors is their
scalar product divided by their absolute values:

cos(§)=(Ar1-Ar2)/IAr11/IAr2 |=[(3f{Ap1,0)/3c)*Acl-(3f
(Ap2,0)/3c)* Ac2)/(I(3fAp1,0)/3c)* Acl I*I(3f
(Ap2,0)/3c)*Ac2)=(3f{Ap1,0)/3c)-(3f1Ap2,0)/3c)/
I3 APL,0)acl/ 13l Ap2,0)/3cl.

Thus, in a generic sense, the angle between the sensitivity
vectors depends only on the nature of substances Ap1 and Ap2
and is independent of concentration. The parameters inform-
ing the sensitivity and concentration vectors may include the
admittance spectroscopy data, but they may also include
additional sensor information, as mentioned above. Further,
the dimensions of the system or method, e.g., the number of
parameters, may be as large as desired, while still keeping the
processing necessary to a manageable (e.g., real-time) level.

Thus, a multiparametric system, including particularly the
admittance spectroscopy systems described herein, may be
used to determine drug identity and concentration given an
unknown solution including the drug (and nay other compo-
nents). Although the complex admittance and the use of
admittance spectroscopy provide a rich source of data for the
identification of unknown solutions, the use of admittance
spectroscopy is also compatible with other sensor modalities.
The use of additional sensor modalities may enhance the
admittance spectroscopic methods, systems and devices
described herein. These methods may be particularly helpful
in drug validation in a hospital pharmacy or similar environ-
ment. Validation of prepared doses is of high value to phar-
macists and pharmacy technicians. Any error in a prepared
medication can have very serious consequences if the erro-
neously prepared medication is administered to a patient. For
example, multiparametric fluid measurement and analysis
may use a combination of fluid admittance, multi-wavelength
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optical absorption and multi-wavelength refractive index
sensing to determine the composition of a medical fluid (e.g.,
an IV fluid).

In addition to the admittance measurement techniques
described above, the following sensor technology may also be
used if needed for the particular application: an electrochemi-
cal sensor (e.g., an electrochemical potential sensor), a ther-
mal sensor (e.g., a thermal anemometer sensor can be oper-
ated as fluid thermal diffusivity sensor), an optical sensor
(e.g., a refractometry sensor, a transmission sensor, an absor-
bance sensor, a spectrometer (including a colorimeter), a
turbidity sensor, a rheological sensor (e.g., a viscometer), an
electrical property sensor (e.g., a capacitor sensor, a pH sen-
sor, a conductivity sensor, and an inductive sensor), and a
fluid-displacing or fluid-shearing (e.g., resonator) sensor.
Fluid properties and sensor technology to measure these
properties are shown in the table below:

TABLE 1

Alternative sensor modalities

Fluid Property Sensor Approach

Complex conductivity or
admittance
Tonic properties

AC impedance spectroscopy

Electrochemical potential/
spectrum

Pulsed thermal anemometry,
Pulsed thermal anemometry
Refractometry, fiber optic
refractometer, optics
Transmission/Absorption

Boiling point
Thermal diffusivity
Index of refraction

IR, Vis., UV absorption

Color Spectrometer, colorimeter,
white light absorption
spectra

Viscosity Viscometer, resonator

Density Viscometer, resonator

Dielectric constant
Opacity or Clarity

Capacitor, resonator
Optics, transmission,
turbidity sensor

Membrane permeability Selective sensors

Ph Ph meter, MEMS ph sensor,
chemical color change
sensor, litmus paper

Salinity Conductivity, density,
refractive index

Air Optical, inductive,
conductivity, thermal,

Flow Flow meter, thermal

anemometer

As an example of the application of different sensor
modalities, consider a sensor that responds to the liquid’s
index of refraction and another sensor that responds to lig-
uid’s conductivity. Assume that there is a carrier fluid, such as
saline (0.9% saline in water) solution, in which an additional
component, such as drug, is dissolved. Further, assume that
both sensors’ responses reach values r; and r, when an addi-
tional component is present in the liquid. Both the index of
refraction and conductivity will depend on the added compo-
nent concentration ¢ and its “nature”: aggregate effect of
parameters such as molecular weight, polarity, ionic strength,
etc.—p. The individual sensor’s response is function of both
concentration and nature of the added component:

r=fle.p)
therefore, the response of an individual sensor can only be
calibrated to measure the concentration of a known compo-
nent or determine what the component is if the concentration
is known. If the response from the second sensor is utilized,
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both the concentration and the nature ofa component can now
be measured:

ri=filep)ra=hlep)

as this system of two equations with two variables can be
solved in the majority of practical cases.

Two sensor responses can be treated as a 2D vector and the
equations can be written in vector form:

F=Flen
Notice that for components of a different nature p,, p, . . -
p,, end of this vector traces curves ?1(0):?(0,])1), ?2(0):

?(c,pz) e ?n(c):?(c,pn) as concentrations change and all
curves at zero concentration start from the same point, which
is the response in the carrier fluid. The components of interest
these “concentration curves” or “signatures” can be experi-
mentally recorded and stored in a database. When an
unknown solution is measured—the response can be matched
with the database of signatures.

This simple explanation can be expanded to more than two
sensors without the loss of generality. Additional sensors
provide additional dimensions to the vector and for the case of
asingle component this information becomes redundant. This
redundancy is very useful in practice as the experimental
curves are always blurred by naturally occurring noise and
any additional information improves overall resolution power
of the technique.

One example of a combined electrical (admittance spec-
troscopy) and optical system was illustrated above for the
probe shown in FIGS. 13B-13D. Another variation ofan array
of sensors (configured as measurement cell) is shown in
FIGS. 15A and 15B, incorporating a transparent chamber
through which fluid flows. In this example, a set of optical
sources such as light emitting diodes (LEDs) that emit light at
discrete wavelengths in the range of 250 to 1000 nm or more
are embedded across from a set of matched detectors
(matched to the emitting optical source), so that the light
pathway spans the transparent fluid pathway. The optical
detectors may be photo diodes or phototransistors with
response matched to the optical sources (e.g., LEDs). An
opaque holder for the optical sources and detectors may be
used to align them to each other and limit the emitted/received
light, and may include apertures determining the viewing
angle and aligning them with a fluid container or (in this
example) a flow pathway. A transparent chamber may be
included with a cylindrical profile in which the fluid is placed
or flows through, as illustrated in FIG. 15A and the end view
shown in FIG. 15B. The fluid chamber includes a fluid access
point for an integrated electrical sensor element such as that
described in above (e.g., and shown in FIG. 13A).

The combination of the electrical sensors for determining
the complex admittance producing a total of 12 measurement
channels (e.g., six unique pairs of electrodes measuring both
in-phase and quadrature components) with the optical system
producing up to 6 measurement channels in this design pro-
duces a set of 18 independent measurements that are used to
produce a unique pattern for each compound measured. The
sensor system or array can be applied to the benchtop mea-
surement of drugs in an area in which they are being prepared
such as a pharmacy. The measurement and identification of
the drug being prepared will validate it for the correct drug,
correct concentration, and correct formulation, as mentioned
above. In operation, both the electrical (admittance spectros-
copy) and the optical information may be provided to the
processor and used to determine the components of the solu-
tion.
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Although many of the variations described herein use non-
destructive sensing techniques such as low-power admittance
spectroscopy, which will not alter the compounds, sterility or
efficacy of the medical solution being tested, destructive drug
sensing methods or sensors may also be used, particularly in
embodiments such as the benchtop variations described
above. Destructive techniques may be used in addition to orin
conjunction with the complex admittance methods, devices
and systems described above. In contrast to inline IV infusion
monitoring, in pharmacy environment the identification pro-
cess can be destructive or adulterating to both the sample and
the sensor. This expands the list of applicable techniques or
modalities that may also be used to include: an array of
chemically modified sensing sites or surfaces, with which
drug molecules of interest react or bind to and the product of
such reaction or binding is detected optically, by color
change, electrically or by resonator-based techniques, volta-
mmeric or amperometric techniques, cyclic voltammetry,
where the molecules and ions in the solution are subjected to
electrically induced redox reactions, from which unique
cyclic voltammograms can be recorded and used for identi-
fication of species involved.

The solutions of drugs can be subjected to electric current
to produce electroluminescence and collected spectra can be
used for drug identification. In addition the solutions of drugs
can be subjected to ultrasound of sufficient intensity to pro-
duce sonoluminescence and collected spectra can be used for
drug identification. An electric arc can be generated in the
drug solution to produce light, which spectra can be used for
drug identification. Other destructive techniques producing
characteristic signals may include injecting a drug solution
into flame, which spectra can be used for drug identification.
The solutions of drugs can be subjected to microwave field of
sufficient intensity to produce light and collected spectra can
be used for drug identification

In some variations, a miniature heater/thermometer can be
used to measure boiling point of the solution and use it as an
additional data for drug identification. Thermally-induced
chemical reactions, turbidity, precipitation or fractionation of
solution components at a function of temperature can be used
for drug identification

Another mode of admittance sensor operation may include
invocation of the electroosmotic flow in the fluid under test.
An electro osmotic flow creates motion in stagnant fluid or
additional convective flow in the flowing fluid that promotes
fluid exchange and replacement in the vicinity of or at the
sensor surface that eliminating or greatly reducing any non-
uniformity in the fluid or fluid flow under test. The detailed
description of the phenomenon can be found in the following
publications: Gonzalez, Ramos, Green, Castellanos, and
Morgan, “Fluid flow induced by nonuniform ac electric fields
in electrolytes on microelectrodes. ii. a linear double-layer
analysis,” Phys Rev E Stat Phys Plasmas Fluids Relat Inter-
discip Topics, vol. 61, no. 4 Pt B, pp. 4019-4028, April 2000;
Green, Ramos, Gonzalez, Morgan, and Castellanos, “Fluid
flow induced by nonuniform ac electric fields in electrolytes
on microelectrodes. i. experimental measurements,” Phys
Rev E Stat Phys Plasmas Fluids Relat Interdiscip Topics, vol.
61,n0.4 PtB, pp. 4011-4018, April 2000; and N. G. Green, A.
Ramos, A. Gonzalez, H. Morgan, and A. Castellanos, “Fluid
flow induced by nonuniform ac electric fields in electrolytes
on microelectrodes. iii. observation of streamlines and
numerical simulation.” Phys Rev E Stat Nonlin Soft Matter
Phys, vol. 66, no. 2 Pt 2, p. 026305, August 2002.

In any of the variations described herein, the systems may
include a mixer or agitator before the sensor, in order to
homogenize the fluid composition seen by the sensor(s). As
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mentioned above, mixing may be particularly useful in the
benchtop examples described herein, and may also be useful
where the aqueous solutions include material suspended in
the solution.

Mixing of the test solution (e.g., an IV solution) before it is
probed by the sensor array may improve measurement accu-
racy. For example, the admittance sensors invoking electroos-
motic flow described above may benefit from such additional
mixing. Any appropriate mixer or method of mixing may be
used. For example, a static fluid mixer such as that described
in U.S. Pat. No. 3,286,992 may be used, for example, between
an injection port and the sensor. In variations in which the
sensor(s) are arranged downstream of an injection port, any
non-uniform concentration profiles of the injected bolus in a
carrier fluid in the vicinity of the sensor may be either taken
into account via sensor calibration or physically eliminated at
the point of measurement, including the use of a mixer. In
addition, one or more IV fluid filters (e.g., U.S. Pat. No.
4,601,820, and U.S. Pat. No. 5,992,643) may be used. Such
filters may include woven wire filter fabric with coarse mesh
that brakes and randomizes flow path, and may also be useful
for mixing instead (or in addition to) a dedicated static mixer.
An active mixer may also be used. For example, the system
may include a mixer that uses ultrasonic transducer such as a
piezoelectric actuator that is located upstream from or near
the sensor(s) or is integrated into the sensor assembly or
substrate.

In one example of an admittance spectrographic system
that includes another sensing modality, a system using a dis-
posable, multiparametric sensor element includes optical
measurement channels and admittance sensors and a data
acquisition and processing system. This system measures a
sample of a drug or other compound, acquires a set of multi-
parametric sensor data and matches the patterns generated in
the sensor data to previously obtained signatures of drugs.

As mentioned, the optical data collected as part of the
system may include the refractive index and/or the absorption
from at least one, but preferably 2 or more wavelengths. The
sensor elements (which may be probes, arrays, measurement
cells, or the like), may include a housing that places sensor
elements in contact with the fluid to be tested. In some varia-
tions, an optical pathway is included within the sensor ele-
ment for measurement of optical parameters such as refrac-
tive index and absorption, as illustrated in FIGS. 15A and
15B. For example, a pathway through the sensor housing may
include an injection molded optical windows for optical
access to the fluid. Examples of optical sensors may include
Light Emitting Diode (LED) sources and photodiodes and/or
phototransistor detectors or any other applicable configura-
tions. Optical sources consisting of solid state LED devices
may have target optical wavelengths that can range from 250
nM to 1500 nM. For example, sources at 375 and 900 nM
have used in a bench prototype. Other variations may incor-
porate sources and detectors for additional wavelengths in the
range from 250 to 1500 nM or beyond to provide additional
data channels.

Systems including optical sensors may use broad band
emission LED sources, such as white LEDs may be used with
a set of detectors each incorporating a filter for a specific
wavelength. For example, in some variations, two or more
optical sensor channels that measure the drug’s optical
absorption at two or more different wavelengths. In some
variations, two or more optical sensor channels measure a
drug’s refractive index at two or more wavelengths. Optical
detectors are typically matched to the LED sources for the
specific wavelength. Optical filters that are external or inter-
nal to the source and/or detector may be used.
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Electronics for signal conditioning may be used in any of
these examples, including the combined electrical/optical
systems, as mentioned above. For example, signals may be
conditioned by amplification (e.g., operational amplifiers,
lock in amplifiers), impedance analyzers, current to voltage
converters, buffers, filters, and the like. The signal processing
may occur before, as part of, and/or after the data has been
acquired. For example a data acquisition system may be used
that includes: analog to digital converters, processors, spe-
cialized Application Specific Integrated Circuit (ASIC) cir-
cuits and Field Programmable Gate Array (FPGA) devices for
specialized functions.

The processor, including the recognition logic may be
adapted to interpret both the optical and the admittance data.
Thus, both types of data may be use to compare obtained
sensor patterns with known patterns to identify the drug and
concentration.

Any of the systems described herein may also include or be
compatible for use with automated sample preparation and
loading of samples to be tested. For example, disposable test
cells may be used. Robotic fluid handling may also be used,
and the systems described herein may be compatible with
robotic fluid handling. Any of these systems may be used for
the application of drug preparation monitoring and valida-
tion, including monitoring of drugs in pharmacies, drug labo-
ratories, factories and any other location where a measure-
ment of the drug concentration and identity would be needed.

Thus, additional modalities, such as optical measurements,
may be used to supplement the admittance spectroscopy mea-
surements. During operation of the system described above,
the LEDs may be switched on, one at a time while measure-
ments are taken and then turned off. This avoids crosstalk
between the channels, reduces heating from the LEDs and
increases their lifetime.

The cylindrical nature of the flow path in the measurement
cell may create a cylindrical lens with a fluid core and thus
makes the transmitted light sensitive to both the refractive
index as well as the opacity of the fluid at a the given wave-
length of the source and detector. In this example, as well as
the example shown in the sensor array of FIG. 13B-13D, the
optical system provides an additional 4 data channels for
sample identification by measuring at 4 different wavelengths
of light.

By applying a time varying excitation to an optical source
such as an LED or laser, the resulting optical stimulus will
have a time varying characteristic. A frequency referenced
detection system such as a lock-in may be applied to the
optical detector signals to improve the detection by rejecting
noise and spurious signals other than the excitation fre-
quency. If this frequency or frequencies are chosen properly,
interference from other systems may be minimized and the
sensitivity of the technique improved over DC measurement
techniques.

In some variations the sensor may be used as part of a
cylindrical transparent measurement cell that allows simulta-
neous measurement of the combined effects of refractive
index and absorption, as illustrated in FIG. 15A. Drugs may
be measured in a cylindrical volume or measurement cell.
Light emitting diode or other optical sources are configured to
illuminate this cylindrical volume through a small aperture
and in a direction perpendicular to the cylindrical volume’s
axis. A detector is located on the opposite side of the cylin-
drical fluid volume and aligned with the light source and the
center of the fluid volume. The fluid properties of refractive
index and absorption at the specific wavelength of the source
used will affect the intensity of the illumination at the detector
and thus the measured signal. Changes in refractive index will
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affect the focusing or defocusing of the light and impact the
area of the detector illuminated and thus produce a signal
proportional to the fluid refractive index. Any absorption will
impact the total intensity and thus also affect the measured
signal. By measuring with such sensors at 2 or more wave-
lengths, the absorption and refractive index effects may be
separated. However, for the purposes of generating a set of
unique sensor responses to produce a unique signature for a
measured fluid, separation of these parameters may not be
necessary.

Optical absorption can be simultaneously measured at
multiple optical wavelengths spanning from infra-red to UV
range. Absorption of specific wavelengths can be used to
identify drug compounds in solution for compounds that have
characteristic absorption bands. Supplying light that corre-
sponds with an absorption region for a particular drug can be
used to confirm the presence or absence of that material. The
magnitude of the absorption can also be used for concentra-
tion determination. A multi-channel absorption system can
have multiple different optical sources such as LEDs each
emitting a different wavelength and associated with a sepa-
rate detector or a single detector and a switching system to
turn on each LED in a sequence and measure the signal from
the single detector. Each different wavelength measured cre-
ates an additional data channel that may be analyzed and used
for drug detection and identification.

Color detection may also be applied as a sensor modality.
Many drug compounds in solution will exhibit a particular
color spectrum due to absorption of some wavelengths of
light. By applying light and detecting at multiple wave-
lengths, the solution color can be determined. The technique
can be implemented using a 3 color led plus photodiode or
photo-transistor or by applying white light and detecting the
resulting color spectra after the light has passed through the
fluid. A color sensitive detector chip such as the TAOS optical
systems TS230D or similar may be employed. Alternatively,
a set of red green and blue filters may be placed between the
light source and detectors and from the 3 values measured, the
color coordinates of the fluid determined.

Refractive index (RI) detection at multiple wavelengths
may be used to separate refractive index effects from evanes-
cent wave effects. By measuring the fluid refractive index at
multiple wavelengths and comparing the results, it is possible
to separate the signal resulting from the fluid refractive index
from evanescent wave effects that are more sensitive to the
fluid physical and chemical properties (evanescent wave sen-
sors are described, for example, in P. Suresh Kumar et al., A
fibre optic evanescent wave sensor used for the detection of
trace nitrites in water; 2002 J. Opt. A: Pure Appl. Opt. 4
247-250, and Potyrailo, et al., Near-Ultraviolet Evanescent-
Wave Absorption Sensor Based on a Multimode Optical
Fiber; Anal. Chem., 1998, 70 (8), pp 1639-1645; DOL
10.1021/ac970942v). As an example, the detector can use a
color sensitive IC chip such as the TCS230 from TAOS Optics
to simultaneously measure the amplitude at multiple wave-
lengths and determine the absorption spectra or color of the
solution.

Evanescent wave effects have been demonstrated to be
sensitive to changes in a fluid media. Using an uncoated fiber
optic as a sensor will measure evanescent wave effects as
there is no layer between the reflecting surface and the liquid
interface. This can be applied to fiber optics, as well as any
other refractive index method that involves reflection changes
from a media-fluid interface. The sensor can also be respon-
sive to evanescent wave fluorescence effects in the fluid.
Selective coatings can be applied to the optical interface to
provide selection of specific materials in the fluid. Measure-
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ments can be done at a range of wavelengths from IR to UV
and wavelengths can be chosen for specific absorption or
fluorescence regions to identify specific fluids. This can be
applied to the measurement and identification of IV fluids.
Flow Sensors

Any of the systems and devices described herein may also
include one or more sensors for measuring flow. For example,
a flow detector may be incorporated into a common sensor
assembly as illustrated in FIGS. 13B-13D. The sensor assem-
bly in this example includes patterned electrodes that form the
electrical admittance sensors and the flow meter. A transpar-
ent substrate can also be used as an optical path and/or a
transparent layer can be applied to the substrate to act as a
waveguide for light. Alternatively, a fiber optic or other opti-
cal waveguide can be bonded to the substrate to provide a
refractive index sensor.

In some variations, the flow sensor is a hot wire anemom-
eter flow detector. A thin film, hot wire anemometer is shown
inthe FIG. 16 (a variation of which is incorporated into FIGS.
13B-13D). This sensor measures flow by applying a very
small amount of heat at one point in a flow stream, and from
the change of temperature of a downstream sensor, the flow
rate can be determined. In FIG. 16, thin film metal traces form
3 resistors. With one upstream, and one downstream of the
central heated trace, this sensor may be used in a differential
configuration to improve sensitivity and stability. It also has
the capability of measuring the direction of the flow.

The design in FIG. 16 includes a thin film anemometer
produced by metal deposition and lithography. It includes a
set of 3 traces with dimensions of 1 mm long, 10 um trace
width, 10 um trace-to-trace spacing.

In operation, the anemometer flow sensor electrodes may
measure fluid thermal properties. For example, a hot wire
anemometer such as that shown above may be used to mea-
sure fluid flow (see, e.g., H. Bruun, Hot-wire anemometry:
principles and signal analysis. Oxford University Press, USA,
1995). In addition to or alternatively, if multiple wires or
traces are available, the flow rate is known, it may be used to
measure changes in the fluid thermal conductivity and/or heat
capacity of the fluid. The basic idea of the hot-wire technique
for the simultaneous measurement of the flow and the prop-
erties of fluid is that the usual calibration based on King’s law
can be extended to a fluid property (such as drug concentra-
tion) so that the “calibration constants” become calibration
functions of the fluid property. Accordingly, if there are two
wires available for measurements, two calibration functions,
for which dependence of the fluid property is different, are
present in King’s law for each wire. The system of two King’s
equations then can be solved for two unknowns—the velocity
and the fluid property with the accuracy determined by the
wires implementation and signal to noise ratio of the mea-
surement system. The calibration coefficients in King’s law
depend strongly on the thermal conductivity of the mixture
and thus are sensitive functions of a drug’s nature and con-
centration. A similar approach has been developed for the gas
mixtures (e.g., P. Libby and J. Way, “Hot-wire probes for
measuring velocity and concentration in helium-air mix-
tures,” AIAA Journal, vol. 8, no. 5, pp. 976-978, 1970.
Operation of an Admittance Spectrographic Device for Deter-
mining Fluid Composition

In operation, any of the variations described herein may,
generate a fingerprint comprising the complex admittance
data, as well as any additional data measured from the fluid.
The fingerprint is typically a data structure that may be
through of as an array, although it does not have to be arranged
as a matrix. Because the fingerprint will be compared to a
library of known values (which may also be considered
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known fingerprints), the organization of the data within the
fingerprint may be stereotyped in format. For example, FIG.
17A conceptually illustrates one variation of an admittance
spectroscopy fingerprint having 120 electrical channels, and
thus at least 120 data points. This fingerprint is particularly
useful for systems having, for example, six unique pairs of
electrodes. As described above, electrode pairs are unique
when at least one of the electrodes in the pair presents a
different fluid-contacting surface compared to fluid contact-
ing surfaces on the other pairs (e.g., the composition or geom-
etry of the fluid-contacting surface of the electrode is differ-
ent). In FIG. 17A, the visual representation of the fingerprint
data structure is indexed online one side by the electrode pair,
and six unique combinations of electrodes are used: Au—Au,
Au—Pd, Au—Ti, Pd—Pd, Pd—Ti, and Ti—Ti. Ten different
frequencies are examined using each electrode pair, as
indexed horizontally: 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 kHz. As mentioned above, any appropriate frequency
may be examined. In some variations, additional parameters
may also be varied (and could be visualized as additional
dimensions when represented as an array), including a DC
offset, power applied, etc. For each electrode, and at each
frequency, both the in-phase 1703 and quadrature 1705 com-
ponents of the complex admittance are determined. Thus,
there are 120 different parameters. Other variations of admit-
tance spectroscopy fingerprints may include more or fewer
parameters, and may include additional parameters measured
from other modalities, including any of those described
above. For example, FIG. 17B illustrates a representation of
one variation of a fingerprint data structure that includes four
optical channels (IR1, IR2, Vis, UV). The four optical chan-
nels may hold coupled absorption and refractive index data.

Each of the parameters measured (or a subset of them) may
be sampled multiple times and the collection of values
manipulated to provide the value entered in to the fingerprint
(e.g., the mean, average, peak, minimum, median, etc. may be
used).

An exemplary device such as the one shown in FIG. 9 was
constructed as a prototype, and used to both generate known
sample fingerprints, and to examine unknown fluid samples
to determine the identity and concentrations of the samples.

In this exemplary device, a set of impedance sensor chan-
nels were similar to those shown in FIGS. 13B and 13D. With
this set, the following electrical (complex admittance) mea-
surement channels are available: Au—Au, Au—DPd, Au—Ti,
Pd—Pd, Pd—Ti, and Ti—Ti.

Inthe prototype, the complex ac response may be separated
into real (in-phase) and imaginary (or quadrature) signals by
a lock-in amplifier thus providing two data channels from
each metal electrode pair and giving a total of 12 impedance
channels. The complex ac impedance response of these elec-
trode channels were measured using a lock in amplifier in
current mode operating at a range of frequencies (10, 20, 30,
40, 50, 60, 70, 80, 90 and 100 kHz).

In addition to the complex admittance measurements, in
some tests optical measurements were also made. For
example, in some tests a fluid refractive index sensor was
used. In one variation, the RI sensor operated at 910 nM and
was constructed from an LED source and photo transistor
detector coupled through a sharply bent section of optical
fiber that is immersed into the IV fluid. In addition, a fluid
optical absorption sensor was used, operating at 375 nM
consisting of a UV LED source coupled through the IV fluid
flow, perpendicular to the flow direction, to a photodiode
detector. The optical source LEDS are driven by adjustable
current sources at levels of approximately 1-3 mA. This pro-
vides low level light intensity to avoid detector saturation. At
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this drive level, the optical intensity applied to the fluid will be
at most, a few microwatts per square cm.

In the exemplary device described above, the lock-in
amplifier used has X and Y output voltages that are measured
by a National Instruments sbRIO device and plotted in volts.
The excitation voltage is set at V,=21.21 mV RMS (30 mV-
amplitude), and the complex admittance between the sensor
electrode in reciprocal Ohms is calculated as 6.09x107*
(X=1Y), where X and Y are chart values. The complex current
density is approximately 1.83x10™* (X+jY) A/mm?, where X
and Y are chart values.

FIGS. 18 A and 18B are tables listing drugs and concentra-
tions that were examined using a prototype device. This list is
not exhaustive, but is merely intended to illustrate a subset of
the drugs initially tested. In addition, dose/concentration
curves as well as drug combinations were examined. FIGS.
19A-19T illustrate admittance spectrograph fingerprints for
solutions containing some of these compounds at known
concentrations. These solutions were prepared in a biological
carrier solution (e.g., normal saline), and the entire admit-
tance spectrographic fingerprint was taken. In these
examples, the complex cell admittance (Y,'+1Y,") was mea-
sured within a frequency range 10-100 KHz at 10 KHz steps,
5 times at every step for every electrode combination. An
initial measurement was performed in pure 0.9% normal
saline between all the electrode combinations and all spectra
were stored (Saline reference spectra). The saline solution in
the cell was replaced with a drug solution formulated in the
same saline. The spectraY |'+1Y ;" between all of the electrode
pairs were measured in the same way, and the saline reference
spectra between correspondent electrode pairs were sub-
tracted from the data: (Y,'-Y)+i(Y,"-Y"). The cell was
then filled with another drug solution and the subtraction
procedure was repeated. In-phase values (Y,'-Y ') were plot-
ted along the X-axis and quadrature values (Y,"-Y,") were
plotted along the Y-axis at each frequency step in arbitrary
units, but on the same scale.

The in-phase versus quadrature curves for each unique
electrode pair are shown in FIGS. 19A-19T, showing curves
formed of the 10 different frequencies examined. As can be
seen from the different traces, the patterns corresponding to
each drug in solution is unique to the drug examined.

The shape of the admittance spectrographic curves may be
used to distinguish even drugs that are closely related in
structure and/or charge. For example, FIGS. 20A-20B show a
side-by-side comparison of the structurally similar drugs
Pancuronium and Vecuronium at identical concentrations. As
can be seen from the graphs, the admittance spectrographic
fingerprints of the two drugs are dramatically different. Simi-
lar comparisons were made between Epinephrine and Nore-
pinphrine shown in FIGS. 21A-21B, and Morphine and
Hydromorphone shown in FIGS. 22A-22B.

Drug concentration in solution also changes the admittance
spectrographic fingerprint of the solution, as indicated by
FIGS. 23A-23H, which shows the admittance spectrographic
fingerprints for different concentrations of insulin from 0.01
Units/ml to 30 Units/ml in normal saline. The curves corre-
sponding to each electrode pair independently and progres-
sively change position (representing the in-phase and quadra-
ture components of the complex admittance) as the
concentration is increased or decreased. A similar family of
curves was generated for different concentrations of potas-
sium chloride in dextrose (D5W), as shown in FIGS. 34A-
34H.

Mixtures of compounds, including drugs, also exhibit
characteristic patterns of admittance spectroscopy. The
resulting fingerprint is unique to the mixture composition and
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concentrations, even when compared to the same compounds
alone. For example, FIG. 25A shows the admittance spectro-
graphic fingerprint of Dopamine at 2 mg/ml, and FIG. 25B
shows the admittance spectrographic fingerprint of Norephi-
nephrine at 0.008 mg/ml. A mixture of 2 mg/ml of Dopamine
and 0.008 mg/ml of Norephinephrine is shown in FIG. 25C,
and has a completely unique pattern. FIGS. 26A-26C show
another example of this, looking at Midazolam (0.5 mg/ml)
and Heparin (100 units/ml), and a mixture of both at the same
concentration.

FIGS. 30A-30C illustrate another example, showing the
mixture of two drugs used together in an epidural: Fentanyl
plus bupivicaine. FIG. 30A shows a representation of the
admittance fingerprint for 0.1% Bupivacaine and FIG. 30B
shows a representation of the admittance fingerprint of Fen-
tanyl Citrate (2 mcg/ml). FIG. 30C shows the unique finger-
print of the combination of a mixture of Bupivacaine (0.1%)
and Fentanyl Citrate (2 mcb/ml). All of the figures are shown
at the same XY scale. The same drugs can be use to illustrate
the ability of the system to detect drug stability and/or adul-
teration. For example, FIG. 31A shows a representation of the
admittance fingerprint for a mixture of Freshly prepared
Bupivacaine (0.1%) and Fentanyl Citrate (2 mcg/ml). FIG.
31B shows a representation of the admittance fingerprint for
a mixture of Bupivacaine (0.1%) and Fentanyl Citrate (2
mcg/ml) that is three days past the expiration date. The mix-
ture in FIG. 31A was prepared on Jan. 26, 2010, two days
prior to testing, and the mixture in FIG. 31B was prepared on
Oct. 27, 2009, 93 days prior to testing. Both drug mixtures
were tested on the same day.

The admittance spectrographic fingerprints taken using the
prototype also demonstrated remarkable stability and repro-
ducibility. For example, FIGS. 27A-27 show the stability of
the complex admittance measurements (both in-phase in FIG.
27 A and quadrature in FIG. 27B) when measuring 2 mg/ml of
Dopamine at 10 kHz. The y-axis shows the measurement
number, and the x-axis shows the measured value. This sta-
bility is not frequency dependent, as demonstrated in FIGS.
28A-28B and 29A-29B, which examined the frequency at 50
and 100 kHz, respectively.

Admittance spectrographic fingerprints such as those
described above (e.g., FIGS. 19A-26C) were used to train a
processor to recognize the patterns of these known sub-
stances. The processor was then provided with a series of
“unknown” mixtures to which “noise” had been artificially
added. The unknown mixtures were selected from the list of
tested compounds within the tested concentration ranges. The
processor correctly identified all of the unknown compounds,
even after the addition of up to 30% noise (random noise) on
top of the original fingerprint signal.

Other exemplary systems have been designed as well. For
example, in one variation, a complex admittance system
including multiple admittance electrodes has been developed
for IV fluid monitoring and identification system configured
for insertion into the IV line between the IV source (bag) and
the catheter where the flow enters the patient using Luer Lock
fittings. Alternatively, it may be incorporated into the IV
tubing set when it is manufactured. In either case, it will
preferably be located downstream of the last injection port. In
includes two or more sensor technologies and provides a
continuous stream of data from multiple data channels. This
data is processed by software algorithms to generate a pattern
of sensor responses. When a fluid or drug is injected into or
begins flowing through the IV line, the sensor responses will
change and the new set of responses are compared to a data-
base of known patterns. When a match is found, the system
indicates the drug and instantaneous concentration and flow
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rate. By integrating concentration and flow rate over time, the
total dosage is calculated and displayed.

Another example of an IV sensor system for drug identifi-
cation includes a plurality of complex admittance electrodes
configured for admittance measurements on at least 2 elec-
trodes and preferably 6 or more electrode pairs. The sensor
system may incorporate 1 or more admittance measurement
channels and 1 or more optical measurement channels. In
some variations, the system incorporates 12 admittance mea-
surement channels and 3 or more optical measurement chan-
nels. Measurement of admittance may be performed at mul-
tiple frequencies, preferably in the range from 1 Hz to 1 Mhz
and more preferably in the range of 1 kHz to 500 kHz and
even more preferably in the range of 5 kHz to 200 Khz. The
optical sensors may simultaneously be sensitive to absorption
and refractive index, and may include measuring of evanes-
cent wave effects. Fluid optical absorption and refractive
index sensors may operate at discrete wavelengths between
250 and 1500 nM, for example, with a tunable wavelength
sources between 250 and 1500 nM. Multiple wavelength
measurement of absorption and refractive index may provide
multiple dimensions for recognition algorithms. Additional
sensors may include color sensors based on a white light and
a filter based detection system. For example, a white light
LED in conjunction with a detector incorporating red, green
and blue filters. Color sensors based on red, green and blue
sources in conjunction with a single detector to measure in
sequence the intensity of each source. Optical sensors may
operate with time varying excitation such as pulse or sine
wave. Optical detectors for time varying signals may incor-
porate lock-in detection methods, and optical sources may
incorporate intensity feedback for improved stability. Any of
the processors described herein may incorporate multi-di-
mensional data clustering, pattern recognition and/or neural
network algorithms applied for drug recognition from train-
ing patterns generated by testing known materials.
Applications/Methods of Use

In general, the devices and systems described herein may
be used to determine the composition of a fluid, and particu-
larly a medical fluid such as an intravenous or parenteral fluid.
The composition may be determined for all or a subset of the
components of the fluid. It is a particular strength of the
systems, devices and methods described herein that they may
be configured to determine, either the identity or concentra-
tion or essentially simultaneously, both the identity and con-
centration of all of the components in the solution, including
identification of the carrier solution itself. Further, the sys-
tems described herein may have a very quick response time
(on the order of msec or seconds), and may be configured to
provide control or alerts in real time.

In particular, the systems and methods described herein
may be used for the validation of pharmacy stock solutions.
For example, a complex admittance system may be pro-
grammed to recognize specific commonly used stock solu-
tions delivered intravenously or used to compound/formulate
medication solutions for intravenous delivery, such as but not
limited to normal saline, ringer’s solution, 2.5%, 5% or 10%
dextrose in water, 5% dextrose in Y-, Y4-, or normal saline,
lactated ringer’s solution, 5% dextrose in ringer’s solution,
5% dextrose in lactated ringers solution, dextran 6% in DSW
or normal saline, fructose 10% in water or normal saline, or
Invert sugar 10% in water or normal saline. Improperly made
or expired stock solutions will produce signatures that depart
from that of properly made solutions and the system will
detect and warn the operator of the discrepancy.

In some variations, the complex admittance systems and
devices described herein may be used for validation and
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quantization of pure pharmacy medical/medication solutions.
For example, a complex admittance system may be pro-
grammed to recognize specific drug compounds at standard
and non-standard concentrations in their compatible carrier
solutions such as normal saline, dextrose etc. as listed above.
The system may produce an independent identification/con-
firmation of the drug and carrier solution and estimate the
concentration of the drug in the carrier solution. When the
drug concentration or carrier solution are not consistent with
normal hospital/clinic formulation practices or recom-
mended doses, the system will generate a warning for the
operator. The system may provide guidance or suggestions
regarding the guidelines used to generate the error message
and possible remediation steps. The system can produce an
electronic or paper record of the drug, dose, and carrier solu-
tion.

The complex admittance system and devices described
herein may also provide validation and quantization of com-
bination pharmacy medical/medication solutions. For
example, a complex admittance system may be programmed
to recognize specific combinations of drug compounds com-
monly formulated together at standard and non-standard con-
centrations in their compatible carrier solutions such as nor-
mal saline, dextrose etc. as listed above. The system will
produce an independent identification/confirmation of the
drugs and carrier solution and estimate the concentration of
each drug in the carrier solution. When the drug concentra-
tions or carrier solution are not consistent with normal hos-
pital/clinic formulation practices or recommended doses, the
system will generate a warning for the operator. The system
may provide guidance or suggestions regarding the guide-
lines used to generate the error message and possible reme-
diation steps. The system can produce an electronic or paper
record of the drug, dose, and carrier solution.

In some variations, the complex admittance systems and
devices may be used for the identification of counterfeit medi-
cations. For example, a complex admittance system may be
programmed to recognize specific drug compounds. In the
case of counterfeit medications, the different makeup of a
counterfeit drug will be detected and a warning can be gen-
erated.

Similarly, a complex admittance system may be useful for
the identification of contaminated or adulterated medications.
A complex admittance system may be programmed to recog-
nize specific drug compounds. In the case of contaminated or
adulterated medications, the contaminant or additive will pro-
duce an unexpected signal and the sensor system will warn of
this potentially dangerous condition.

A complex admittance system may also be useful for the
identification of liquid medications which have lost their
potency or decomposed resulting from improper storage or
preparation conditions or long-term storage that has exceeded
the limits allowable for the medication. A complex admit-
tance system may be programmed to recognize specific drug
compounds. In the case of medications which have decom-
posed due to improper storage or preparation or during long
term storage, the decomposition products combined with the
lower concentration of active drug will produce an unex-
pected signal and the sensor system will warn of this poten-
tially dangerous condition.

A complex admittance system, device and method may
also be used for detection of narcotic diversion. Substitution
or dilution of and subsequent diversion of narcotics is a prob-
lem in healthcare environments. Proper pain management
requires that the patient receive the prescribed dosage of
medication. Any reduction of the concentration and or total
dosage will result in unnecessary patient suffering. The com-
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plex admittance systems and devices described herein may be
used for the detection of narcotic diversion. The lower con-
centration or smaller dosages or solution substitutions may be
detected by our complex admittance system and a warning
and log can be generated to ensure the patient receives the
proper dosage.

The complex admittance systems and methods described
herein may also be used to identify drug manufacturer, for-
mulation, lot, etc. The complex admittance systems, devices
and methods can be trained to recognize unique fingerprints
of the same drugs supplied by different manufacturers. Dif-
ferent means of producing the drugs as well as different
buffers and stabilizers, etc will be detected and can be used to
identify the drug and manufacturer.

In some variations, the complex admittance systems,
devices and methods may be used for identifying and docu-
menting investigational drugs and doses delivered to patients
in clinical studies. The system can be trained to recognize
unique signatures of investigational drugs then used to docu-
ment the dosing of those drugs in clinical trials. The system
can also be trained to recognize unique signatures of control
drugs or placebos and used to document their presence in
appropriate patients in clinical studies.

A complex admittance system and device may be used in
in-process control and validation of automated IV prepara-
tion. The system can be incorporated into a robotic IV prepa-
ration system such as the RIVA (Robotic IV Automation—
Intelligent Hospital systems) or Cytocare (Health Robotics)
systems, which automate preparation of general and oncol-
ogy Vs respectively, to provide in-process and final product
confirmation before the product is dispensed from the robot.
It can also provide in-process verification of the ingredients to
be combined into each IV solution to verify that the proper
components have been loaded in the proper places, and are
still consistent with the minimum use specifications for each
component ingredient.

The complex admittance devices and systems described
herein can also be uses in drug manufacturing. For example,
complex admittance systems, devices and methods can be
used in drug formulation facilities to provide online process
monitoring and control of systems such as drug formulation
systems, bioreactors, etc for drug and biotechnology formu-
lation and manufacturing. The system can measure the pres-
ence and quantity of one or more desired manufacturing/
bioreactor products and/or measure the presence and quantity
of one or more undesirable byproducts. The system can be
used to determine when bioreactor or formulation tank
adjustments are required and when a system is ready for
harvest.

In some variations the complex admittance systems and
device may be used for medical applications for blood and
body fluid testing. For example, the complex admittance sys-
tems, devices and methods described herein can also be used
in the measurement of blood glucose, urea concentration,
pharmaceutical drug levels, etc. in blood, urine, plasma,
lymph, tears, saliva, and other body fluids either as a bench
screen or in certain cases as an implantable monitoring
device.

Complex admittance systems and devices described herein
may also be used for testing for illegal drugs and alcohol
levels in biological fluids. The complex admittance system,
devices and methods described in this document can also be
used to measure the presence and concentration of illegal
drugs such as cocaine, marijuana, MDMA, Methamphet-
amine, LSD, Heroin, etc., and diverted legal medications such
as Hydrocodone, Oxycontin, and steroids, etc in blood, urine,
plasma, lymph, tears, saliva, and other biological fluids.
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The complex admittance devices, systems and methods
described herein may also be useful for measurement or vali-
dation of key ingredients in complex pharmaceutical fluids.
For example, a complex admittance system can be used in the
measurement of the presence or absence of key components
of very complex pharmaceutical fluids such as TPNs (total
parenteral nutrition) which can contain 20 or more ingredi-
ents but which contains several whose presence or proportion
are critical to patient safety. The system can also be used to
estimate the proportion of key components present in very
complex pharmaceutical fluids such as insulin, glucose, dex-
trose, heparin, magnesium, potassium, calcium, and otherkey
compounds.

While the methods, devices and systems for determining
composition of a solution using admittance spectroscopy
have been described in some detail here by way of illustration
and example, such illustration and example is for purposes of
clarity of understanding only. It will be readily apparent to
those of ordinary skill in the art in light of the teachings herein
that certain changes and modifications may be made thereto
without departing from the spirit and scope of the invention.

What is claimed is:

1. A system for determining the identity, concentration or
identity and concentration of an intravenous drug solution by
admittance spectroscopy to determine surface interactions of
the intravenous drug solution on fluid-contacting surfaces of
a plurality of pairs of electrodes, the system comprising:

a sensor comprising a plurality of pairs of electrodes hav-
ing fluid-contacting surfaces, wherein each pair of elec-
trodes is configured to have different surface interac-
tions with the solution at different frequencies than the
other pairs of electrodes;

a signal generator configured to provide current at a plu-
rality of frequencies for application from one or more
fluid-contacting surfaces of the sensor;

a signal receiver configured to receive complex admittance
data from a plurality of fluid-contacting surfaces of the
sensor;

a controller configured to coordinate the application of
signals from the signal generator and the acquisition of
complex admittance data from the sensor to create an
admittance spectrographic fingerprint of the intravenous
drug solution, wherein the controller is configured to
apply electrical excitation to each pair of electrodes that
results in a voltage that is below 500 mV and below the
threshold level for electrochemical reactions, further
wherein the admittance spectrographic fingerprint com-
prises complex admittance information indicative of
surface interactions between the intravenous drug solu-
tion and the fluid-contacting surfaces of the sensor; and

a processor configured to receive the admittance spectro-
graphic fingerprint and to determine the identity, con-
centration or identity and concentration of the intrave-
nous drug solution by comparing the admittance
spectrographic fingerprint to a library of admittance
spectrographic data comprising complex admittance
data measured from a plurality of known compounds
and mixtures of compounds in a carrier solution at a
plurality of frequencies and known concentrations.

2. The system of claim 1, wherein the fluid-contacting
surfaces of each pair of electrodes in the plurality of elec-
trodes of the sensor are formed of different materials.

3. The system of claim 1, wherein the fluid-contacting
surfaces of each pair of electrodes in the plurality of elec-
trodes of the sensor are formed of different geometries.
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4. The system of claim 1, wherein the sensor comprises at
least three different fluid-contacting surfaces formed of dif-
ferent materials, different geometries or different materials
and geometries.

5. The systems of claim 1, wherein the sensor is configured
to be single-use.

6. The system of claim 1, wherein the fluid-contacting
surfaces of the sensor are calibrated to a predetermined stan-
dard that matches complex admittance data of the library of
admittance spectrographic data.

7. The system of claim 1, further comprising a measure-
ment cell configured to receive the intravenous drug solution
so that the fluid-contacting surfaces of the sensor contact the
intravenous drug solution.

8. The system of claim 1, wherein the signal generator is
configured to apply an electrical excitation frequency from
about 1 Hz to about 1 MHz.

9. The system of claim 1, further comprising a display
configured to display the identity and concentration of the one
or more compounds within the intravenous solution.

10. The system of claim 1, wherein the processor is further
configured to determine the identity of the carrier solution of
the intravenous drug solution.

11. The system of claim 1, wherein the library of predeter-
mined complex admittance data comprises complex admit-
tance data measured for a plurality of individual compounds
and mixtures of compounds in a carrier solution at a plurality
of frequencies.

12. The system of claim 1, wherein the processor com-
prises recognition logic configured to determine the likeliest
match between the admittance spectrographic fingerprint and
the library of admittance spectrographic data.

13. The system of claim 12, wherein the recognition logic
comprises an adaptive neural network trained on the library of
admittance spectrographic data.

14. The system of claim 1, wherein the sensor further
comprises a second sensor element, and further wherein the
processor is configured to use data from the second sensor
element in addition to the complex admittance data to deter-
mine both the identity and the concentration one or more
compounds in the intravenous drug solution.

15. The system of claim 14, wherein the second sensor
element comprises an optical sensor.

16. A benchtop drug solution analyzer for determining the
identity, concentration or identity and concentration of a drug
solution by admittance spectroscopy to determine surface
interactions of the drug solution on fluid-contacting surfaces
of a plurality of electrodes, the analyzer comprising:

a measurement cell comprising a plurality of electrodes
having fluid-contacting surfaces, the measurement cell
configured to receive a sample of the drug solution so
that the drug solution is contacted by the plurality of
electrodes;

a signal generator configured to provide electrical excita-
tion at a plurality of frequencies for application from a
plurality of pairs of electrodes of the measurement cell,
wherein each pair of electrodes is configured to have
different surface interactions with the solution at differ-
ent frequencies than the other pairs of electrodes;

a signal receiver configured to receive complex admittance
data from the plurality of pairs of electrodes of the mea-
surement cell;

a controller configured to coordinate the application of
signals from the signal generator, and the acquisition of
complex admittance data from the signal receiver, to
create an admittance spectrographic fingerprint of the
drug solution, wherein the controller is configured to
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apply electrical excitation to each pair of electrodes that
results in a voltage that is below 500 mV and below the
threshold level for electrochemical reactions, further
wherein the admittance spectrographic fingerprint com-
prises complex admittance information indicative of
surface interactions between the drug solution and the
fluid-contacting surfaces; and

a processor configured to receive the admittance spectro-

graphic fingerprint and to determine the identity, con-
centration or identity and concentration of one or more
compounds in the drug solution by comparing the admit-
tance spectrographic fingerprint to a library of admit-
tance spectrographic data comprising complex admit-
tance data measured from a plurality of known
compounds and mixtures of compounds in a carrier
solution at a plurality of frequencies and known concen-
trations.

17. The analyzer of claim 16, further comprising a housing
at least partially enclosing the signal generator, single
receiver and controller.

18. The analyzer of claim 16, further comprising a plurality
of single-use measurement cells.

19. The analyzer of claim 16, wherein the measurement
cell comprises at least three different fluid-contacting sur-
faces formed of different materials, different geometries or
different materials and geometries.

20. The analyzer of claim 16, wherein the fluid-contacting
surfaces of the measurement cell are calibrated to a predeter-
mined standard that matches complex admittance data of the
library of admittance spectrographic data.

21. The analyzer of claim 16, wherein the signal generator
is configured to apply a current frequency from about 1 Hz to
about 1 MHz.
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22. The analyzer of claim 16, further comprising a display
configured to display the identity and concentration of the one
or more compounds within the drug solution.

23. The analyzer of claim 16, wherein the processor is
further configured to determine the identity of the carrier
solution of the drug solution.

24. The analyzer of claim 16, wherein the library of pre-
determined complex admittance data comprises complex
admittance data measured for a plurality of individual com-
pounds and mixtures of compounds in a carrier solution at a
plurality of frequencies.

25. The system of claim 16, wherein the processor is con-
figured to receive the admittance spectrographic fingerprint
and to simultaneously determine identity and concentration
of one or more compounds in the drug solution.

26. The analyzer of claim 16, wherein the processor com-
prises recognition logic configured to determine the likeliest
match between the admittance spectrographic fingerprint and
the library of admittance spectrographic data.

27. The analyzer of claim 26, wherein the recognition logic
comprises an adaptive neural network trained on the library of
admittance spectrographic data.

28. The analyzer of claim 16, wherein the measurement
cell further comprises a second sensor element, and further
wherein the processor is configured to use data from the
second sensor element in addition to the admittance spectro-
graphic fingerprint to determine both the identity and the
concentration of one or more compounds in the drug solution.

29. The system of claim 28, wherein the second sensor
element comprises an optical sensor.
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